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buffers for controlling pH in the blood So sensitive are they that the interven- 
tion incidental to a given test procedure may actually produce results m certain 
effectors exactly the opposite of the expected penpheral change Under 7 we 
shall consider the mechanisms of mamtammg "balance” or dynamic equilibrium 
The cntena by which we maj’’ detenmne the sympathetic (orthosympathetic) 
as opposed to the parasjunpathetic character of a given mechamsm are vaned 
and not alwaj'S consistent with one another The followmg will be tentatively 
accepted as mdicators of sympathetic (orthosympathetic) as opposed to para- 
sympathetic activity pending speciBc exceptions which may later be referred 
to 1, thoraco-lumbar as opposed to cramo-sacral innervation, 2, postgangliomc 
as opposed to preganglionic penpheral mnervation, and 3, adrenergic as opposed 
to cholmergic humoral transmission of impulses to the effector The possible 
r61es of the ions potassium vs calcium, catabohc vs anabohc metabolism, dehy- 
dration vs hydration, etc , may be given weight m specific instances 
I Tests based on autonomic mechanisms having a single mnervation A The 
nictitating membrane The most defimte mdications of normal autonomic func- 
tion are perhaps obtained in the case of those effectors havmg an mnervation 
from only one of the opposed branches of the autonormc system The autonomic 
mnervation of the mctitatmg membrane of the cat, as shoivn by Rosenblueth and 
Bard (1932) is purely sjmpathetic* and, barring certam antagonistic effects from 
the skeletal external rectus muscle, elimmated by curare or deep anesthesia, 
it provides an ideal sympathetic indicator It is pharmacologically adrenergic, 
bemg maximally sensitive to excitatory (E) sympa^hin (Rosenblueth and Can- 
non, 1932) That the reaction to adrenalin may be enhanced by eserm and 
decreased by atropme (Rosenblueth, 1932, Seeker, 1937) and that the N M 
may react to large doses of acetylcholine m the ammal sensitized by denervation 
(Mornson and Acheson, 1938) does not seriously detract from its usefulness as 
a sympathetic mdicator under normal conditions It has been utilized as such 
an mdicator of sympathetic activity, among others, b}"" Acheson, Rosenblueth 
and Partington (1936), Bargeton (1938), Rosenblueth and Schwartz (1935), 
Brooks (1933), Browm (1934), Gellhorn and Harrow (1939) 

As a sympathetic mdicator the N M may provide an mdex not only of sym- 
pathetic excitation, but also of a decrease or inhibition of S3Tnpathetic tone 
Such effects from stimulation of the viscera (bladder and rectum) have been 
reported by Watkms (1938) Gellhorn and Harrow (unpublished) have ob- 
served the effect foUoivmg traction on the mtestmes Rosenblueth and Schwartz 
(1935) show relaxation of the N M followmg vagal (depressor nerve?) stimula- 
tion Relaxation of the N M or decrease of response m the presence of a nse 
m the blood pressure as reported by these latter authors and by GeUhom, 
Harrow and Yesmick (l^P'' ” eiair^eration t)f N hi response reported 

by Rosenblueth and Schy^ ^ " carotid smus denervation , 

does not detract from f ' ^ -dicator of sympathetic 


function Rather, such^ 
mechamsm as an indi- 
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ands Another group of mechnnisme ha\ung a single innerration 
ed as indicators of intact sympathetic nerve supply are the sweat 
ms of the postganghonic nerves to the penpherj produce local 
the skm u hich may be registered as an extreme rise m the electneal 
chter 1927) with no return of spontaneous activity (Toner and 
I After pregangliomc section m the cat the rise in resistance was 
r postganglionic section, restoration of function bemg registered 
28 days (Tower and Richter, 1931, see also Hmsey Phillips and 

t of sweatmg is provided by apphung to the sldn bits of filter paper 
along in a solution of cobalt chloride nhlch changes from red to 
i (Wctherell, 1905) Graded senes of color changes have been 
he wnter by adding as hy grascopic agent varymg percentages of 
he cobalt chlonde solution For photographic mapping of sweat 
1 neurologic cases the method of Mmor (1928) has had wide and 
ilication (Guttman, 1931 List and Peot 1038-1939 Richter and 
42 Hyuidman and Wolkm 1941a, b) \ solution of iodine and 
prayed over the patient, after which he is dusted with fine starch 
turns blue-black in the presence of moisture from the sweat glands 
Woodruff (1941—42) have correlated the lodino-starch with the 
dance methods of mapping, demonstrating their corrcepondcnce 
ad the concomitant (Darron, 1927 1932, 1934) electric^ changes 
^xicially of the palms of the hands is not only dependent upon an 
ihetic supply (Richter, 1927) but is extremely susceptible to alter 
^g the level of activity of the central nervous system such as 

i leep (Richter, 1020), and attention or alertness (Darron, review 
it must be conceded that from sleep to alert attention sympa 
iltered more or less m parallel with the activitv mamfested by the 
it may still be questioned whether measurements of palmar 
^de an uncompheated measure of sympathetic activity In the 
eat glands themselves are dependent upon cholinergic transmis- 
tor (Dale and Feldberg, 1934) and conditions altcrmg such cho- 
’ , whether by the amount of available acetychohne the concen 
imestcrase, or the presence of adrenalin (Bilhghcimer, 1920, 
1922, Darrow and Gellhom, 1039, Darrow review, 1937) 
secretory activity and the magnitude of response to stimulation 
iicnergic himtation of sweatmg at tho effector should be taken 
(see sec V) when sweat measurements arc the basis for do- 
, „ the activity m the autonomic nerv ous system 

reflex palmar sweatmg in response to peripheral stimuli is in 
' uiied by centers located m the forebiam (Langworthy and 
mg and Lu, 1930, Schwarts 1930) and case of elicitation of the 
''ent to a V cry great extent upon tho state of tho higher lev els 
pointed out by others and ns we have had repeated occasion 
n Gellhom and Darrow , 1941) light anesthesm, too moderate 
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PHYSIOLOGJCAL AND CLINICAL TESTS OF AUTONOMIC FUNCTION 
AND AUTONOMIC BALANCE 

CHESTER M DARROW 

IiutituU for Jwfenile Hctearch and Deparimont of Phyotolopy, Umpornly of lUinoit CoUeya 
of iledictna Chtcago 

To attain significance a teat of autonomic function must cncumvent the 
mutually antagonistic action of the two branches of the autonomic nervous sys- 
tem so that it may be clear whether an obaen ed peripheral event is due to m 
crease of actmtj m one branch of the autonomic sj-stem or to decrease of actrv 
ity m the other There must be no question, for example, whether an obsen ed 
pupillary dilatation is due to sympathetic excitation or to mhibition of the para 
sympathebcnlly determined indo-constnctor tone The problem is hteraliy to 
detenmne the weight on either side of a "balance” when that on neither side is 
known The mere knowledge that the balance has been upset by a given con 
dition, aa afforded by many so-called tests of autonomic function, may bo phi’s! 
ologicaHy or dimcally of httlc value except as indication that Somethmg has 
been disturbed It docs not necessanly define the foregomg events in the neural 
and neurohumoral systems, and m consequence may even be misleading in 
determinmg proper corrective procedures Furthermore, peripheral autonomic 
events which now may bear one relation and now another to mitiatmg processes 
m the nervous system need have no consistent relation to those manifestations 
of nervous system function known as “behavior ” This may eiplam the aterflity 
which, with few exceptions, has beset attempts to correlate measurements of 
peripheral autonomic changes with human “behavior ” 

Circumvention of the difficulties m the pathway to mterpretation of penpher 
ally observed autonomic effects m terms of events m the neurohumoral system 
has been attempted m several ways 1, by recordmg changes m those excep- 
tional mechanisms havmg only a single autonomic innervation, c g , in the mcti 
tatmg membranes, 2, by elimination of one of the opposmg dual innervations 
surgically, e.g , by cuttmg the sympathebo supplj to the pupfls, 3, by assaymg 
in tnlTO or in wco the output of the respective neurohumoral mediators, adrenalin 
or sympathm, and acetylchoUne 4, by blockmg one of the opposed neuro- 
humoral mechanisms pharmacologically, e g , by administrabon of atropine or 
ergotoim, 6, by denving the activity of the autonomic system from the reepec 
tive effects on differentially sensibve autonomic effectors, 6, by recording the 
eleotnc acbvity of the respective autonomic nerves The mam methods of 
autonomic measurement will be considered m the above order 
The interpretabon of findmgs so obtamed is further beset by difficulbes im 
posed by homeostasis, smee the rile of the autonomic system is not merely to 
produce adapbve changes, but to mamtain the mtemal miheu Medullary, 
hypothalamic, hypophyseal, aortic and carotid smus feed baef. “buffer” or 
“moderator” mechanisms are as important for neurohumoral control as- ore the 
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B SiKol glands Another group of mechonisms ha\nng a single inncn ation 
ind widely used as indicators of intact sympathetic nen e supplj are the sweat 
'lands Lesions of the postgnnghonio nerves to the periphery produce local 
inhj drosis of the skin which may be registered as an extreme rise m the electneal 
esistance (Richter, 1627) mth no return of spontaneous aotmty (Tower and 
tichter, 1632) After preganghome section in the cat the nse m resistance w ns 
ess than after postganglionic section, restoration of function being registered 
ilectncnlly m 28 days (Tower and Richter, 1631, see also Hinsoy, Phillips and 
dare, 1636) 

Another test of sweating is provided bv applying to the skm bits of filter paper 
Ined after soaking m a solution of cobalt chlonde which changes from ted to 
ilue when dry (Wetherell, 1905) Graded senes of color changes have been 
ibtnined by the wnter by adding ns hygroscopic agent varying percentages of 
jlycenne to the cohnlt chlondo solution For photographic ranppmg of sweat 
listnbution in neurologic cases the method of Minor (1628) has had wide and 
iuccessful application (Guttninn, 1931 last and Poet, 1938-1939 Richter and 
Woodruff, 1642, Hyndmnn and Wolkin, 1041a b) A solution of lodme and 
yistor oil is sprayed over the patient, after which he is dusted with fine starch 
pow der which turns blue-black in the presence of moisture from the sw eat glands 
Elicliter and Woodruff (1941-^2) have correlated the iodine starch with the 
ilcctncal resistance methods of mapping, demonstmtuig their correspondence 

Sweating and Uio concomitant (Darrow 1927, 1632, 1934) electrical changes 
of the skin, especially of the palms of the hands, is not only dependent upon an 
uitact sympathetic supply (Richter, 1927) but is extremely susceptible to alter- 
ations offectmg the level of activity of the central nervous system such as 
narcosis and sleep (Richter, 1920), and attention or alertness (Darrow, review 
1930) While it must be conceded that from sleep to alert attention sympa 
thetic tone is altered more or leas m parallel with the nctmty manifested by tho 
sweat glands, it may still be questioned whether measurements of palmar 
sweating provide on uncomplicated measure of sympathetic activity In the 
first place tho sweat glands themselves are dependent upon cholinergic tranamis- 
uon at the effector (Dale and Feldbcrg, 1934) and conditions altonng such cho- 
hnergic activity, whether by tho amount of available acctychohne, the concen 
tration of cholinesterase, or tho presence of adrenalin (BiDigheuner, 1920, 
Langley and Uyeno, 1922, Darrow and Gelihom, 1939, Darrow review, 1637) 
limit the level of secretory activity and the magnitude of response to stunulation 
Tlic apparent adrcnergio limitation of sweatmg at the effector should be taken 
into consideration (see sec V) when sweat measurements are the basis for de- 
ductions regarding the activity in the autonomic nervous system 

Furthermore, reflex palmar sweatmg in response to penpheml stimuh is m 
great part determined b\ centers located in the forebram (Langworthy and 
Richter, 1930, W ang and Lu, 1930, SchwnrU, 1930) and case of elicitation of tho 
response is dependent to a v en great extent upon the state of tho higher lev els 
of the brain As pomted out bv others and as wo have had repeated occasion 
to oliscrvc (Carlson, Gelihom and Darrow, 1941) light anesthesia, too moderate 
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to interfere ■mth sjonpathetic activity as indicated nictitating membranes or 
other sympathetic mechanisms, decreases or may ehrmnate reactions m the 
footpads of the cat Palmar or foot pad s^^eatmg, most commonly measured 
as the “galvamc skm refle\,” is not, despite its single sjunpathetic innervation, 
an uncomplicated mdicator of sjonpathetic function 

C Adt enal medulla That the adrenal medulla is another example of mech- 
anisms havmg a purely sjunpathetic innervation (Elliott, 1912, 1913, Hollms- 
head, 1936, McFarland and Davenport, 1941) offers better justification for the 
utilization of circulatmg adienalm as an mdex of s 3 Tnpathetic activity than the 
fact that it IS a “sympathomimetic hormone,” for whereas the production of 
adrenalm is bj" sympathetic excitation, the action of adrenalm is both excitatorj’^ 
and inhibitory Aside from the fact 1, that the penpheial transmission of im- 
pulses to the adrenal glands is chohnergic and determmed bj’- conditions affectmg 
cholinergic activity (Feldberg and Tsudjemura, 1934), and the fact 2, to be con- 
sidered m more detail later, that the action of inhibitor^’- (I) adrenalm is the 
inhibition of parasjmpathetic or chohnergic mechanisms rather than an effect 
on S3mpathetic ones, and the fact 3, that adrenalm b3’' sensitizing the moderator 
nerves (He 3 mans, 1929) produces a degree of reflex mhibition of geneial S 3 m- 
pathetic activity, circulatmg adienalm (plus undiffeientiated sympathm) may 
be considered an mdex of general sympathetic function The assay of humoral 
mediators is considered m section III 

Other mechanisms alleged to have but a smgle autonomic mnervation such 
as the pilomotors, the spleen and the uterus have been vanously used as auto- 
nomic indicators Those subject to adrenergic mhibition such as the uterus are 
discussed in section III 

II Tests hosed on the ehminahon of the nerve supply from one of the opposing 
branches of the autonomic innervation This method has had wide application 
m the dehmitation of responses from dually mnervated mechanisms, as witness 
the use of vagotomy m the attempt to reduce the paras 3 mpathetic factors in 
circulatory changes The method should be confined to acute experiments in 
ordei to exclude the possibility of sensitization of the humoral mechanisms whose 
neural counterpart it is desired to elunmate Although maximum sensitization 
occurs only after nerve degeneration, even ivithm the period of an acute expen- 
ment there appears the possibihty of a degree of sensitization as suggested by 
the observations of Darrov and Gellhom (1939) in the case of the pupil 

A The pupil One of the most useful apphcations of this method of contiol 
IS that of cuttmg the cervical sympathetic supply to the pupil on one side to 
permit stud 3 '- of reactions determined by a purety parasympathetic innervation 
The difference between the reactions of the parasympathetically innervated 
pupil and those of the duall 3 '’ innervated structure of the opposite side gives 
indication also of the concomitant S 3 mpathetic activity In coriespondmg 
manner the parasympathetic supply from the third nerve has been severed (An- 
derson, 1904, Ury and Gellhom, 1939) to provide a pupd havmg onl 3 '’ a S 3 mpa- 
thetic innervation This method of experimental control provides stnking ex- 
perimental confirmation of the fact that it is the inhibition of parasjmpathetic 
tone rather than S3mpathetic excitation which is the piedominatmg factor m 
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the dilatation of the ins of the cat and rabbit following painful stimuh The 
Bympathetic supply unqucstionablj also contributes to the pupillary response 
after emotional stimuli affecting the liypothalamua (Wang, Lu and Lau, 1932, 
Carlson, Gellhom and Darrow, 1941, Hodcs and Magoun, 1941) and perhaps 
also when the inhibitor\ effects of adrenolm have been eliminated (Darrow and 
Gellhom, 1939) The neural mechanisms of the response have been worked 
out by Knrplus and Kreidl (1911), Lieben and ICahn (1930), Bam, Imng and 
MeSwmey (1936), Harper, MeSwmey and Suffolk (1935), Harper and Me 
Swmey (1937), MeSwmey and Suffolk (1938) The evidence that inhibition 
of pamsympathetio tone plays an important, if not a predominating rile (pos- 
iblj different m the monkej, (Bender, 1938, Bender and Siegal, 1940) m a re 
simnse which has often been referred to nncntically as mdicatmg “sympathetic” 
activity may well lead to a rc-exammation of the evidence behmd similar inter 
protations m the case of other dually innervated mechanisms 

B Blood pressure Perhaps nowhere is such a re-ciamination more appro- 
pnatc than m the case of blood pressure Too often it is uncntically assumed 
that a sympathetic-llke rise in blood pressure in the mtact nnunal is an mdica 
tion of sympathetic activity, and that a parasympathetic like fall m pressure 
mdicates pamsympathetio actinty That the nse maj actually bo due to de 
crease of pamsympathetio tone and that a fall may be the result of inhibition 
of sympathetic tone, as for example by action of the carotid smus, is often dis- 
regarded The same workers sometimes comrmttmg this oversi^t mn> take 
great pams at other times to eliminate the ambigmty of blood pressure mterpre- 
tatlon by vagotomy, carotid sinus denervation, atropimiation sympathectomy, 
and so on The prevailmg lack of correspondence between blood pressure 
changes and changes in vahd sympathetio indicators such as the nictitatmg 
membranes, as shown by studies of Acheson, Rosenblueth, and Partington 
(1936), Ro^blueth and Schwarts (1936), and Watkins (1938) among mvesti 
gators already mentioned m this paper is proof of the ambiguous significance 
of blood pressure, assuming of course that the sympathetic system discharges 
as a whole (Cannon, 1916, 1920, Bard 1928, 1929) Even after hypothalamic 
stimulation it was shown by Carlson, Gellhom and Darrow (1941) that some of 
the Bjmpathetic like effects commonly associated with nse m blood pressure 
may bo duo to inhibition of parasympathetic tone On the other hnhd the fact 
that Bronk Pitts and Larrabee (1940) have demonstrated an inhibition of sym 
pathetic impulses m the nerve to the heart following mcreaso of blood pressure 
m the carotid smus, and the fact that section of the nerves to the carotid smus 
and other moderator mechanisms results m a chrome hj^icrtension of varjmg 
durahon ns shown by Heymans and Bouokaart (1931, 1936), Bacq, Brouha and 
Heymans (1932, 1934), which can be prevented bj pnor complete sympathec 
tomy (Heymans and Bouckaert, 1935, Gnmson, 1940) pomts to carotid sinus 
inhibitory control of the sympathetic system as a factor in blood pressure. 

Autonomic control of factors m blood pressure such as heart rate and stroke 
volume, venous and pulmonary return and \ asoconstnction and dilatation 
should recebe separate consideration Two mil be discussed 

C PuUo rate The indlscranmate use of pulse rate as an mdex of sympa 
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thetic function in the intact animal is perhaps more to be deprecated than the 
uncntical employment of blood pressure for that purpose Not only is pulse 
rate, like blood pressure, a function of the balance or “resultant” of sympathetic 
and parasympathetic influences (Rosenblueth and Simeone, 1934, Brown and 
Eccles, 1934 a, b) but by action of the aortic, carotid smus, and other moderator 
nerves upon sympathetic and vagus centers, there tends to be a compensatory 
slowing of the heart when there is a nse m pressure, and an acceleration with a 
fall In addition there is the direct effect of pressure withm the heart itself 
The clmical value of pulse rate as an indicator depends httle or not at all upon 
its r61e as a sympathetic-parasympathetic indicator (Henderson, Haggard and 
Dolley, 1927) Even as an mdex of emotional changes it is of less value than 
blood pressure (Armstrong, 1938), and its physiologic mterpretation is question- 
able (Gantor, 1925, Shock and Schlatter, 1942) Recorded along with simul- 
taneous changes m blood pressure, however, it may provide valuable mdication 
of compensatory activity by the moderator nerves which should be taken into 
account m the mterpretation of an autononuc change Pulse rate in the chron- 
ically denervated heart is of course determined by humoral mechamsms, to be 
considered later 

D Vasomotor activity This is a most impoi-tant variable determmmg blood 
pressure, though obviously not the only one The inference that there has been 
vasoconstnction when nse m blood pressure is the sole observation is at best a 
loose manner of speech And the frequent identification of vasoconstnction 
with sympathetic activity and of vasodilatation vnth parasympathetic action 
IS likewise often m disregard of the facts Not only do vasomotor functions 
represent m many instances the resultant of a balance between opposed neuro- 
humoral mfluences, a change m either one of which may alter the vasomotor 
tone, but the existence of both sympathetic cholinergic vasodilators (Euler and 
Gaddum, 1931, Bulbrmg and Bum, 1934, 1935, Shenf, 1935) and adrenergic 
vasodilators (Rosenblueth and Cannon, 1935, Wyman and Turn Suden, 1936) 
IS always a threat to such mterpretation Sympathetic vasodilatation has 
long been recogmzed as a common charactenstic of muscle (Hoskins, Gunmng 
and Barry, 1916, Hartman and collaborators, 1928a, b, and Clark, 1934) 
where it obviously may serve an emergency fimction It is particularly 
marked m the dog and the hare, “animals of the chase” not only m muscle but 
in other structures (Langley and Dickenson, 1890, Bum, 1938) and is demon- 
strable without ergotoxm or eserm Room (1938) mdicated that at least m 
some cases adrenergic dilatation may be confined to the capillanes and con- 
stnction to the artenes and artenoles However, the skm and splanchmc region 
of most ammals mcludmg man most frequently and under most conditions mam- 
fest sympathetic adrenergic vasoconstnction and cholmergic vasodilatation 

Of great importance is the fact that evidence mdicates the presence of sym- 
pathetic cholmergic vasodilator activity m manj’' blood vessels where there are 
no demonstrable parasympathetic nerve connections It thus becomes possible 
readily to explam m these stmctures the vasodilator effects of parasympathetic 
drugs and to account at the same time for the depressor effects of weak sympa- 
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thotio nerve stimulation and of small doses of adrenalin. It is probable that only 
with strong stimulation or with larger doses of adrenahn will the inhibitory aoUon 
of sympathin I or inhibitory adrenalm become strong enough completolj to 
countcmot this sympathetic cholmerglc vasodilator action The depressor ao 
tion of adrenahn after ergotaraine will later receive a similar explanation. 
Another mechanism of adrenahn depressor effects is of course the adrenalm 
sensitization of the carotid amuses 

Tests of vasomotor function have become of very great concern to the physl 
ologist and clinician because of their usefulness in the attack on the problems 
of hypertension and other neurocirculatory disorders These are discussed in 
reviews by Brown (1936) and by Weiss (1936) They are given consideration 
under the present headmg because of the predominantly sympathetic hyperac- 
tivity apparently Involved, and the use of sympathetic nerve section ns a thera 
peutio procedure 

Tests of sympathetic vasomotor function are urgently needed to determine 
the probable benefits of sympathectomy The question is always whether such 
radical mtervenbon would sufficiently restore normal circulation to be justified 
The use of nerve block (White, 1930, Scott and Morton, 1931) to determme the 
probable effects of nerve seebon appears logical The employment of spinal 
anesthesia and general aneathesia (Scott and Morton, 1930) and sleep mducmg 
barbiturates (Craig, 1938) to test the effect of temporary ehminabon of central 
sources of sympathetic acbvity also provide a relatively direct approach The 
rationale behind those other tests which employ what appear to be active vaso- 
dilatabon techmes is not so obvious, inasmuch as their operabon may be quite 
independent of an effect on the sympathetic system The use of fever (Brown, 
1920, Adson and Brown 1929, Adson, 1936), placmg the hands m hot water 
(Landis and Gibbin, 1933), and the employment of cholinergio drugs are ex- 
amples of this approach In so far as these latter methods are satisfactory tests 
of the possible benefits of sympathectomy it must be mferred that tliey operate 
by effectmg a central impairment or reflex inhibition of sympathetic tone, or that 
they work penpherally by opposing the action of inhibitory sympathm and 
adrenahn on the cholinergic vasodilators 

A test of sympathetic reachvity which has had wide application m the diag 
nosiB of hypertension is the cold pressor test of Ernes and Brown (1932, 1633), 
llTiite and Gildae (1937) For this test, the patient rests for 30 mmutes after 
which one hand is immersed m ico water for 2 minutes A nso in pressure of 
over 22 mm is considered indicative of a tendency toward hypertension Re 
coverv of the pre test level should occur in the normal person withm two mmutes. 
Of special value m the diagnosis of hypertension also is the ophthalmoscopic 
observation of the oyegrounds (Weiss, 1939, Keith, Wagener and Kemohan 
1928, Wagener, 1933, Hallum, 1936, and Hallum and Gibson, 1038) Tests of 
skin temperature (Cmig, Horton and Sheard, 1033), plethy smogrnphic volume 
and plethysmographio blood flow are of course useful as are also photoelectnc 
plcthvsmographic techmes (Hertzraan and Dillon, 1638, 1940) especially when 
combmed with stimulating procedures of the types dcscnlicd above 
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III Assay of ilie output of humored mediators adrenalin or sympafhin and 
acetylcholine The evidence that the transmission of nerve impulses to the effec- 
tor organs depends upon the mediation of the humoral agents acetylchohne and 
sympathm needs no elaboration (Dale, review, 1935, Cannon and Rosenblueth, 
1937, Butt, review, 1937) The assay of the humoral mediators may be accom- 
plished in mtro either by chemical tests or by stnps of excised sensitized tissue, 
and it may be accomplished m mvo either m the same or m a second animal by 
registration of effects on denervated sensitized organs It should perhaps be 
pomted out that any humorally determmed autonomic response m the absence 
of nerve activity is, m effect, an in situ biological assay of humoral mediator 
A Assay of acetylcholine Space permits only mention of some of the orgamc 
preparations which have been employed Quotmg from Cannon and Rosen- 
blueth (1937) 

According to Gaddum (1936) the relative sensitiveness, measured in y (0 001 mgm ) 


per liter, of common indicators of acetylcholine, is as follows 

Leech muscle (isolated and treated with eserme) 2 

Rabhit auncle (isolated and treated with esenne) i 

Frog heart (Straub method) 10 

Mouse intestine 10 

Rabbit intestine 20 

Frog’s rectus abdominis (isolated and treated with esenne) 20 

Cat’s denervated gastrocnemius 100 


Since none of these organs is stnctly specific, the suggestions of Chang and Gaddum 
(1933) as to ways of distinguishing between their reaction to acetylchohne and to other 
substances become important 

Other tests may be mentioned, such as the slowmg of the denervated heart 
and the h 3 T)otensive effect (blocked by atropme) of acetylchohne on the blood 
pressiue of the eviscerated chloralose cat 
B Excitatory and inhibitory sympathm and adrenalin The fact that ssmi- 
pathm, mediatmg the sympathetic effects is of two types, E and I, excitatory 
and inhibitory (Cannon and Rosenblueth, 1933, 1936, 1937) must be given more 
than passmg attention The more rarely mentioned evidence that adrenaim 
itself IS also of two types (Bacq, 1933, 1934, 1940, Greer, Pinkston, Baxter and 
Brannon, 1938) one of which is primarily excitatory and the other of which is 
both excitatory and inhibitory is of no less importance ® 

It has been pomted out by Bacq (1934) that the two types of sympathm, E 
and I, correspond m then effects to those of an undifferentiated adrenahn and 
those of an adrenalme, “nor adrenahn,” partially oxidized (Bacq, 1935) which 
has thus been deprived of its inhibitory action 

Even more significant is the usually unmentioned fact that the inhibitory action 
of either inhibitory sympathm, I, or of inhibitory adrenaim appears only in struc- 
tures having a parasympathetic {cholinergic) nerve supply, or those m which, in the 
absence of a demonstrated parasympathetic supply, the presence of cholinergicaUy 

- For Bimphcity the excitatory and inhibitory effects of adrenalin will here be referred to 
as "E” and “I,” respectively, analogous to Cannon and Bacq’s designation of the different 
types of sympathm 
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adxvaied cffedoTs M indicated by a scnaiimty to parasympathetic drugs For 
example, the contractions of the nerveless amnion of the fowl are inhibited by 
adr enalin (Langley, 1905, Bauer, 1928) but the amnion notwithatandmg its 
absence of nerve supply is a chohnergically activated mechanism (Bauer, 1928) 
Even the eholmergic “psoudomotor" contractions of denervated skeletal muscle, 
most familiar m the Shemngton contraction, are blocked by adrenalm ns shown 
by Gasser and Dale (1926), Dale and Gaddum (1930), Hinsey and Gasser (1930), 
Bulbrmg and Bum (1936), and Bender (1938) It should be emphasised that 
there is no clear evidence of an inhibitory action of adrenalin on purely adrenergic 
structures, except secondarily by way of effects of adrenalin on the eholmergic 
sympathetic ganglia (Marain, 1939) or by way of the carotid smus and other 
moderator nerves (Heymans, 1929,Gellhom, Darrow and Yesimck, 1939,Bronk, 
Pitts and Larrabee, 1940) Recogmtion that the antagonistic or inhibitory 
effects of inhibitory sympathin or adrenalm are functionally inhibitoiy of chol 
mergio mechanisms* (regardless of what the chemical, permeabihty, or other 
mechanisms of that antogonism may be) permits some simplification of the main 
facts of neurohumeral tranmiission and of pharmacologic action 

The reaction of the denervation sensitized nictitating membrane i3 that of a 
relatively pure adrenergically excitable structure It is a sensibve mdicator of 
excitatory (E) sympathm (Hampel, 1936, Liu and Rosenblueth, 1936, Suneone, 
1937) The N M a httle or not at all affected by inhibitoiy (I) sympathm or 
the inhibitory action of adrenalin. E-xtenave utihiation of the chromcally de- 
nervated mohtatmg membrane for the tn invo assay of excitatory sympathin 
and adrenalm by such workera as McGoun and Hanson (1937), Cattdl and 
Wolff (1934), Rosenblueth and Momson (1934), Partmgton (1936), Liu (1936), 
and Bender and Siegel (1940) bear testimony to its value 

Differentiation of excitatory (E) from mhibitory (I) sympathm was early 
provided by the differential reaction of the non pregnant uterus of the cat and the 
nictitating membranes An amount of excitatory sympathm from stimulation 
of hepatic nerves, which was sufficient to contract the mctitatmg membrane, had 
relatively httle inhibiting effect on the non pregnant uterus of the cat (Cannon 
and Hosenblnelh, 1933), whereas inhibitoiy sympathm from stimulatmg inhib- 
ited structures of the gastromtestinal tract produced a marked relaxation of the 
uterus (see end of section) but relattvely httle contraction of the mctitatmg 
membrane 

Further differentiation of excitatory from inhibitory sympathin was provided 
by the motitating membrane in combmation with the response of the pupil 
Cannon and Rosonblaeth (1036) showed that an amount of excitatory (E) 
sympathin suflloient to produce a measured contraction of the nictitating mem 
bmne occasioned httle dilatation of the pupil, although an amount of mhibltorj 
(E plus I) Bj-mpathm sufficient to produce the same contraction of the nictitat- 
ing membrane produced a largo dilatation of the pupil Only after cuttmg the 
constrictor fibers of the iris could Carmon and Rosenblueth (1035) obtain appre- 

• Nwbelw and Ncowdt (103S) hare demonstrated an antagonism between pituitnn and 
acetylcholln 
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ciable pupillary dilatation with their sympathin E They inferred from this 
that sympathm E must somehow stimulate the cholmergic constnctor mecha- 
nism However, the evidence that inhibitory sjonpathm or inhibitory adrenalm 
relaxes the cholmergic constnctor mechanism of the ms, thus facihtatmg dilata- 
tion, as shown by Joseph (1916), Mdler (1926), Poos (1927), Yonkman (1930), 
and Shackler, Christiansen and Schlossman (1937), offers another if not a better 
explanation It is apparent that combmed inhibitory and excitatory sympathm 
may work synergistically by relaxmg the constnctor fibers while simultaneously 
contractmg the dilator fibers to produce a greater dilatation than would be pos- 
sible by excitation alone Obviously the operation of the humoral mediators 
E and I adrenahn or sympathm on the pupil parallels the action of nerve stimu- 
lation where there may also be synergistic action of sympathetic excitation and 
inhibition of parasympathetic tone 

When both sympathetic and parasjnmpathetic nerve supphes have been re- 
moved the pupil in the esermized animal provides a valuable mdicator of the 
synergistic combmed effects of excitatoiy and inhibitory adrenalm Bender and 
Wemstem (1940) have employed such a denervated ins as an adrenergic indi- 
cator along with the denervated facial musculature as a chohnergic mdicator 

The gasirmnteshnal tract, and particularly the musculature of the large and 
small mtestine, have provided some of the earliest and most used tests for the 
assay of the inhibitory action of adrenahn and sympathm The fact is agam 
not without significance that motility and tone are here parasympathetically or 
chohnergically mamtamed Indeed, the mtestme is itself often used as a test 
mdicator for acetylcholine Reflex mhibition of these structures is exemplified 
m the studies of King (1924), Pearcy and Van Liere (1926), Loew and Patterson 
(1935), and Youmans and Meek (1937) That these inhibitory effects of nerve 
stimulation are neurologically sympathetic is inferred from the fact that they 
maj"^ be abolished by splanchmcotomy and duplicated by adrenahn Youmans, 
Meek and Herrm (1938) employ both innervated and denervated Thierry fistu- 
lae m the same dog for the simultaneous testmg of both the neurallj'^ and the 
humorally transmitted effects That the inhibitory effects of nerve stimulation 
may be mediated m the gastrointestmal tract by an inhibitory sympathm in- 
distmgmshable from adrenalm is suggested by the observations of Youmans 
(1938), Youmans, Aumann and Haney (1939) 

The rate of the denervated heart has also been used as a differential mdicator for 
the humoral effects (Cannon and Undil, 1921, Cannon, Lewis and Bntton, 
1926, Newton, Zwemer and Cannon, 1931, Rosenblueth and Philhps, 1932, 
Whitelaw and Snyder, 1934) It is of course sensitive to both chohnergic and 
adrenergic humoral mediators, but in the absence of esenn or similar drugs 
the cholmergic effects may be assumed negligible, except as far as it is possible 
that resident acetylcholme may be subject to adrenergic inhi bition In any case 
excitatory and inhibitory actions, whether of adrenalm or of sympathm, would 
work synergisticallj^ 

Coagulation time of the blood may also be used as an mdicator of adrenergic 
effects (Cannon, 1929) 
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Blood sugar is another frequently used indicator in which, barring important 
corticoadrenal and hypophyseal effecta (Soslan, 1941) changes are the resultant 
of opposed neuro humoral autonomic influences The widespread identification 
of mcreased blood sugar with svmpathicoadrenal function doubtless recened 
its impetus m Cannon’s early work with Bntton (1926, 1927) and his emphasis 
on its emergency function m his book on BodQy changes (1929) A degree of 
correspondence between changes m blood sugar and other ajunpathebo indicators 
followmg sympathetic stimulation is shown by Chang (1937) and Bodo and 
Benaglia (1938) Such correspondence may he eluninated by sympathectomy 
(Bodo and Benaglia, 1938) Although long used as an mdicator of emotion In 
animals (Cannon and Bntton, 1926, B6mer, 1930), onlj strong emobon is appar 
ently effective in mcreasing the blood sugar of normal human subjects (Gildae, 
1906), and there is general agreement that while elevahon of blood sugar may be 
met with m depressed human subjects, the “emotions” of schisophrenic patients 
tend to be devoid of hyperglycemic concomitant (Bowman and Kasanln, 1929, 
McCowan and Quaatel, 1931 , Whitehom, 1934 , Gildae, hlailhouse and Moms, 
1936) The failure to obtam emotional hyperglycemia m these cases may not, 
as has often happened, be attnbuted necessarily to a defect m the sympathico- 
adrenal function, but may, as will appear, be equaHj well a consequence of an 
mcreased vagal activity and insuhn secrebon 

Dual neuro-humoral control of blood sugar by both sympathlco-adrcnal and 
vagal insulin mechanisms was early shown m morphme hyper^ycemia by Hous- 
say and Lewis (1923) They demonstrated that the hyperglycemia could be 
abolished by splanchmcotomj and that it could then be restored by cutbng the 
vagus They inferred the antagonisbc action of the sympathebc and the vagus 
The r61e of the vagal chohnergic innervabon of the pancreas (Clark, 1931 , La 
Batre and Vesselovsky, 1933, Babkm, Hebb and Sergeyeva, 1939) as the factor 
determining the frequent absence of emohonal hyperglycemia which has been 
the concomitant of excitabon following adrenalectomy (Bntton, 1926, Lumley 
and Nice, 1930, Hama and Ingle, 1937, McQuame, Zie^er Wangensteen and 
Dennis, 1939, and Bodo and Benagha 1939) has apparentlj been overlooked 
until its recent demonstration ns a general prmciple by Gellhom, Feldman and 
Cortell Under a wide range of condibons such as anovia and convulsant drugs 
(1940), lever (1941), sham rage, and hypothalamic stunulation (1941), and heat 
and cold (1941) they demonstrate that after adreno-demedullation there is a 
consistent tendency lor such condibons to produce a hypoglycemia which is 
reversed if there is subsequently a subdiaphragmabc section of the vagus to 
elhnmate the parasympathetic Innervation of the pancreas Thus blood sugar 
Is added to the list of mdicators which must be mterpreted as the resultant of a 
balance of opposed autonomic influences 

Employing tho hypophysectomired adreno-demedullated rat ns an extremely 
sensitive mdicator, Gellhom, Feldman and Allen (1941a, b) demonstrated an 
abnormally high insuhn content m tho blood of emobonally disturbed schiio- 
phrenio pabents This probably accounts m part at least for the absence of 
emoUoiml hyperglycemia in the several studies of scluiophrenic jiaticnta pro- 
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viously Cited Related and superficially conflicting evidence -will be considered 
later m its relation to the problem of “autonomic balance” (see section VII) 

The non-pregnant uterus of the cat, as previously noted, is another of the earher 
used mdicators of adrenergic inhibitory effects This organ is unusual m that 
it is one of the few among inhibited structures having defimte sympathetic inner- 
vation, but, at least until recently, no established parasympathetic, pelvic nerve 
mnervation (Reynolds, 1939) However, Sheehan and Labate, accordmg to 
Sheehan (1941) have now “established beyond question the presence of a para- 
sympathetic (sacral) outflow ” The important consideration is that despite its 
sjunpathetic mnervation the uterus is also cholmergically activated (Reynolds, 
1939) Shenf (1936) demonstrated acetylchohne secretion by hypogastnc (sym- 
pathetic) stimulation m the dog 

The effects of adrenalm and sympathetic stimulation is to produce relaxation 
of the non-pregnant uterus of the cat as contrasted with contraction when the 
animal is pregnant This action of adrenalm m the cat is perhaps not surpnsmg 
m view of the prevalence of other adrenahnergic manifestations m this animal 
Van Dyke and Gustavson (1929) and Robson and Schild (1938a, b) showed that 
the change is dependent m the cat on the secretion of the corpus luteum and may 
be found m pregnane}’’, pseudo-pregnancy, or after progesterone (see Kennard, 
1937) That the effects are mediated by an altered response to the inhibitory 
factor m ordmary (E 4- I) adrenahn and sympathm is mdicated by the absence 
of appreciable relaxation effect by either non-mhibitory sympathm from hepatic 
nerve stimulation (Cannon and Rosenblueth, 1933) or by non-mhibitory nor- 
epmephrme (Greer, Pmkston, Baxter and Brannon, 1933) When, however, 
accordmg to these latter authors, a uterus is found which, for some reason, does 
not give the usual relaxation m response to ordmary (E -1- I) epmephrme, that 
uterus will give a contraction m response to the relatively non-mhibitory nor- 
epmephrme In other words, when inhibition is not too pronounced, contrac- 
tility may be demonstrated In view of the apparent relation of adrenergic 
inhibition to cholmergic function it would seem that acetylchohne may be m- 
volved Demonstration by Reynolds and Foster (1939) of acetylchohne m the 
pregnant, pseudopregnant and progesterone treated uterus of the rabbit makes 
this seem possible A similar reversal of inhibitory response by physostigmme 
(Agar, 1940) and by the physostigmme-hke action of ergotoxme (see section IV) 
also unpheates acetylcholme The liimted available evidence suggests that 
animals havmg a low level of acetylcholme or an absence of cholmergic response 
to estrogens such as the nonpregnant cat (Reynolds and Foster, 1940) and the 
rat (Astwood, 1940, Holden, 1939) typically show relaxation in response to 
adrenalm, and that ammals on the other hand which assay a higher acetylcholme 
content of the uterus dunng estrus or pregnancy such as the rabbit (Reynolds 
and Foster, 1939a, b), the dog (Shenf, 1935;, and possibly by inference, the 
pregnant cat (?) typically show contraction m response to adrenalm This 
suggests that adrenalm-mhibitor}’- effects may become meffective m the presence 
of excess acetylchohne, and that m the absence of mhibition the excitatory effects 
of adrenergic or cholinergic action may be clearly mamfest This is consistent 
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■With observationB on the aphincter of the iris by Joseph (1916), Poos (1927), 
and Yonkman (1930) This is also the imphcation of the change of adrenergio 
relaxation to contraction foUo'wing administration of physostigmine or of physo- 
stlgmine-hke ergotamine 

There is, however, the compheatmg fact that dunng pregnancy ergotamine, 
while itself produemg near maximal contraction of the uterus (Agar, 1940), 
typically reverses the adrenalm response from contraction to relaxation (Dale, 
1906, Cushny, 1906, 1910) This phenomenon has contributed no little to the 
confusion which has prevailed regardmg the mechanism of adrenalin inhibition 
It IB not improbable, hoTvever, that notwithstanding the fact that in general 
blood flow and muscular activity m the uterus vary mdependently (Robson and 
Schild, 1938), the greater susceptibihty of the pregnant uterus to circulatory 
embarrassment is an important factor m this reaction Vasoconstnotor reac- 
tions become more pronounced at this time (Reynolds, 1939) and any deficiency 
of oxygenation results in a marked morease m the tendency toward uterme con 
traction (Reynolds 1939) even to the pomt of abortion Under such conditions 
adrenergic inhibition of uterme vasodilatation may decrease blood flow and occa 
Sion contraobon of the uterme musculature On the other hand, after ergota 
mme, the reversal of the vasomotor response to adronahn (Robson and Schild, 

1938) may favor an improvement in circulation and result m relative muscular 
relaxation The rdle of ergotamme and ergotoxme m the blocking of inhibitory 
adrenergic effects will be considered, 

IV Aulonomc tetU trwotnng pharmacohgu: Uockxng of one or the other brancha 
of the autonomw eystem. This type of test has had appheabon climcally as well 
as physiologically because the reversibility of the effects permits of their apphea 
tlon m human subjects 

A Ergotamine ergotoxme This drug has enjoyed a wide reputabon as a 
“sympathicolytic” drug by which sympathetic excitatorj effects could be blocked 
pharmacologically This has been assumed to permit the differentiation of 
sjTnpathctic excitatory from other autonomic effects That this mterpretaUon 
of its action is misleading, that ergotoxm blocks primarily not sympathebe 
excitatory (E) but sympathebe mhibltory (I) effects (Rothlm, 1929, Thicnes, 
1929, Issekuts and Lcnnnger, 1928), and that this action is m fact not on acbon 
on the sympathebe mechanisms but a protection of parasympathetic acbvity 
or a '‘physosbgmme-like” acbon (Loewi and NavTatil, 1928, Matthes, 1930, 
Linegar, 1939) is supported bj the following facts 

The pnmarj action of ergotamine is the contraction of smooth muscle, espo- 
ciallj of cholmergically (Shenf, 1936) activated smooth muscle such as that of 
the uterus (Dale, 1906 , Sharp, 1911 , Agar, 1940, intestine (Rothhn, 1929), excised 
sphmeter indis (Crouch and Thompson, 1939), stomach (Smith, 1918), and re- 
tractor perns (Dale, 1906) In the mtaet ammal it increases mtestinal motility 
(Plonellcs, 1926), occasions extreme miosis (Dale, 1906, Crouch and Thompson, 

1939) , lowers blood sugar, but not after pancreatectomy (Shpmer, 1929) and 
decreases blood pressure (V'nght, 1930) Frequentlj cases of mereased blood 
pressure have been attnbiited to contraction of muscular organs Carotid smus 



14 


CHESTER W DARROTV 


desensitization by ergotamme (Heymans, Regmers and Bouckaert, 1930, Bacq, 
Brouha and HejTnans, 1930) may also be a factor in cases of mcreased blood 
pressure foUowmg this drug , 

Even where sympathetic excitatory effects have appeared blocked by ergo- 
toxme, the blocking is not impossibly, as m the case of the mctitatmg membrane 
(Rosenblueth, 1932, Rosenblueth, Leese and Lambert, 1933) and the pregnant 
uterus (Agar, 1940), attnbutable to the accompanymg tome response or contrac- 
ture The sensitivity of these sympathetically innervated structures to acetyl- 
chohne has been shown m the case of the mctitatmg membrane by Momson and 
Acheson (1938) and m the case of the uterus by Reynolds (1939) As noted m 
the foregomg, even the sympathetic impulses via the hypogastnc nerves to the 
uterus are mediated by acetylchohne m the dog accordmg to Shenf (1935) 
The mcreased penstalsis (Planelles, 1924), mcreased excitabihty of the vagus to 
acetylcholme, the nausea and emesis, and the uterme contractions attendmg 
administration of ergotamme, all pomt to a physostigmine-hke action 

It IS the inhibitory effects of adrenahn or sympathetic stimulation on chohner- 
gically activated mechanisms which are blocked by ergotoxme It is, as already 
noted, the ability of adrenahn or s 3 Tnpathetic stimulation to relax or block the 
spontaneous activity and tone m the mtestme or the nonpregnant uterus of the 
cat which IS prevented by ergotoxme Even m denervated skeletal muscle 
adrenahn inhibition of the cholmergic pseudomotor contraction can he blocked 
by ergotoxme (Hinsey and Gasser, 1928) Also m the nerve-free but acetyl- 
cholme nch human placenta (Chang and Gaddum, 1935) adrenahn constnction 
of the blood vessels is blocked by ergotoxme (Euler, 1938) And even the famil- 
iar reversal of vasomotor response to adrenahn and sympathetic stimulation 
followmg ergotoxme are accounted for if we accept the evidence (Bum, review, 
1939) for S 3 Tnpathetic cholmergic vasodilator fibers We may assume that 
these chohnei^c vasodilators normally are inhibited by inhibitory sympathetic 
action or inhibitory adrenahn, resultmg thereby m a constnction which is syn- 
ergic with the reaction of the adrenergic constnetors Followmg ergotoxme 
this inhibition of the vasodilators does not take place, and there is m consequence 
a decreased pressor, or even a depressor effect Bulbrmg and Bum (1935) and 
Herwick, Lmegar and Koppanyi (1939) showed a similar vasomotor reversal 
after eserme — abolished by atropme This agam suggests that inhibitory ad- 
renergic effects may be blocked or possibly swamped m the presence of sufficient 
acetylchohne That ergotamme may likewise potentiate the depressor effects 
of acetylcholme and that this action may be reversed to a pressor action by 
atropme is shown by Lmegar (1939) and by Herwick, Lmegar and Koppanyi 
(1939) The previously considered (section HI) relation of ergotamme to the 
reversal of adrenergic response m the pregnant and non-pregnant cat is consistent 
with this pomt of view 

That ergotamme may have considerable value as a means of testmg for the 
presence of sympathetic inhibitory and adrenahn inhibitory effects on parasym- 
pathetic cholmergic functions appears to be mdicated 



AtrrONOMIC FUKCnON AND ADTONOinC BALANCE 


16 


B jlirojnne The employment of alropmo to block the action of cholinergic 
or paraaympathetic mechamsma la the moat familiar of phannacologio blocking 
technics Two types of measuremenfa have been sought by thia means — 1, an 
mdex of the normally present parasympathetic activity derived from the changes 
mduced when that activity la blocked, and 2, an mdex of sjunpathetic function 
denved from the magnitude of the total residual actinty after paraaympathetic 
opposition IS ehmmated 

Both of these effects are to some extent obscured or damped by the possible 
effect of the drug upon oholmergic transmission of nerve impulses withm the 
sympathetic ganglia and adrenals, as well as in the central nervoua system, and 
by the possible compenaatorj action of the carotid emus and other moderator 
nerves. 

As early as 1870, Schmiedeberg demonstrated that atropme blocked the inhib 
itory effects of the vagus on the heart. Escudro (1923) and Damelopolu (1928) 
devised tests of sympatheticotonia and parasympathecotoma based on the effects 
of atropme m blockmg the parasjTnpathetic control of the heart Fentress and 
Solomon (1930) have apphed the procedure m the study of autonomic function 
in psychoneurotic patients 

The contrasting effects of atropine, of parasympathicomimetio and sympathi 
comimetic drugs have been used as autonomic tests by Myerson, Loman and 
Dameshek (1937) and bj Brohoff, Grosse and Kaldenberg (1938) m the study 
of the synergistic and antagonistic phannacologio responses of human subjects 
In physiological experiments the use of atropme to determine the rfile of cholmer 
gio mechanisms m a given response is, of course, so common as to be almost 
routine. 

V Equaling of effects in differentially sensitive autonomic indicators The 
classio instance of derivation of autonomic activity from differentml effects on 
penpheral autonomic indicators is Garmon and Rosenblueth’s (see p 9) differ 
entiation of sympathm E from sympathm I on the basis of the differential effects 
on the ins or uterus and motitatmg membrane 

Harrow and Gellhom (1939) used a somewhat similar equatmg techmc m 
contrasting the effects of nerve stimulation on a sympathectomiied pupil having 
only a parasympathetic nerve supply with that of the normal pupil of the oppo- 
site side havmg both parasympathetic and sympathetic innervations From 
the denervated pupil it was possible to determme the presence of inhibition of 
parasjTnpathetic tone foUowmg stimulation, while from the difference between 
that and the normal pupil it was possible to infer the presence of sympathetic 
excitation 

Darlbig and Darrow (1938) and Darhng (1938) attempted a similar derivation 
from the differential effects of stimulation upon blood pressure and palmar 
sweating (galvamc) activitj As the method is more recently being applied 
(Darrov and Solomon, 1939, 1940) the rationale depends upon the assumption 
1, that blood pressure change represents the difference between opposing effects 
of sjunpathico-ndrenal and parasympathico-cholmergic mfluenecs Galvamc 
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or sweating activitj’ on the other hand, depends upon both sympathetic nerve 
conduction and upon chohnergic transmission at the effector (see p 3) These 
relationships are symbolized m the equations 

BP = S - P 
and Galv. = 5 + P 

where S represents sympathico-adrenal activity, and P represents parasympath- 
ico-chohnergic activitj* 

Given simultaneous galvamc and blood pressure responses to stimulation 
these simultaneous equations may be solved for either 5 or P Or, if desired, 
the data may be plotted mto two-dimensional graphs or “autonomograms ” 
The results of the method mdicate simultaneous effects on both sympathetic and 
parasjTnpathetic activity m the normal mdividual with sympathetic effects pre- 
dominatmg They mdicate, further, the presence of decreased sympathetic 
responses and a tendency toward the inhibition of parasympathetic tone foUow- 
mg stimulation m “resistant” hostile, inhibited, imco-operative psychotic pa- 
tients Evidence from the studies of Darrow and Gellhom (1939a, b, c) that 
the presence of adrenalin m the circulatmg blood disposes toward exaggeration 
of responses of the type mvehung inhibition of parasympathetic tone, as well 
as a diminution of sympathebc responses, suggests that adrenalin may be a 
factor m determmmg the reaction pattern of the “resistant” psychotic patients 
A possible r61e of adrenahn m accountmg for the condition of these patients will 
be considered under “Autonomic balance” (see section VJi) 

TT Eledncal recording of autonomic potentials Action potentials of the 
autonoimc effectors or of their mnervatmg nerves provide valuable mdications 
of autonoimc actinty A familiar example is the electncal recordmg of sweat 
gland activity by the use of endosomatic potentials (Tarchanoff, 1890) (See 
reviews of galvamc response hterature, Landis and Dewick 1929, Landis, 1932, 
Darrow, 1936, 1937) The mctitatmg membranes and pilomotor muscles have 
been recorded electncally (Orias, 1932, Rosenblueth, Leese and Lambert, 1933, 
Rosenblueth, Davis and Rempel, 1936a, b, Eccles and Magladery, 1937a, b) 
Effects of ovulation have been registered as abdominal or vaginal action poten- 
tials by Burr, Hill and Alien (1935), Reboul, Davis and Fnedgood (1937), and 
Bourdillon (1939) Effects of pharmacologic agents on uterme potentials have 
been studied by Bozler (1938), Alomson (1940) and Balassa and Gurd (1941) 
Gastromtestmal motihty was studied by Bozler (1938, 1939, 1941), and paccinian 
corpuscle potentials of the mesentary by Gammon and Bronk (1935) Gastnc 
impulses m the vagus are reported bj’- Partridge anS “Wilson (1933) and vagal 
(carotid smus?) effects by Fischer, Gantt and Lowenback (1934) Comparison 
of electncal responses m vanous types of smooth muscle such as the mctitatmg 
membranes, pilomotors, mtestme, bladder, uterus and ureter b 3 ' Rosenblueth, 
Leese and Lambert (1933), Lambert and Rosenblueth 1935, and Davis, Rosen- 
blueth and Rempel (1936), and Bozler (1938) mdicate that the initial potentials, 
types I and 11 of Cannon and Rosenblueth (1937) are associated with excitation, 
wh'"ther m the case of the sympathetic nerves or in the case of the parasympathe- 
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tic ones The effects of v anous phannacologio agents on the magnitude of these 
potentials relates to effects on permeabihty (Hosenblueth and Cannon, 1930) 
Inhibitory effects are accompamed only by type HI delayed and prolonged po 
tentiala, identified by Cannon and Hosenblueth with actual contraction In 
the sahvaiy ^ands the possibUity of differential negative as opposed to positive 
potentials, associated respectively with parasympathetic ns opposed to sympa 
thetio stimulation, is mdioated by Btonk and Gesell (1920) Phannacologio 
effects on the potentials of the submarillary gland were studied by Hosenblueth, 
Forbes and Lambert (1933) 

Effects of adrenahn, atropine and other drugs m dampmg chohnergic trans- 
mission m aympatheho (cholmorgio) ganglia, as well as the faoflitatmg effect of 
moderate eoncentrations of parasympathetic drugs on the ganglia have been 
studied electncally by Maratn (1939a, b) Potentials from several different 
autonomic nerves as a means toward the solution of problems of autonomic 
control have been employed by Hinsey and Gasser (1930), Corbin and Hinsey 
(1936) and Bishop, Hembeoker and O’Leary (1934) 

Especially important are the records of sympathebo action potentials and the 
correlation of these with eardlovasoular control from the hypothalamus and 
carobd smus as reported by Bronk, Ferguson, Margana and Solandt (1936), 
Bronk, Lewy and Larrabce U936), Pitts, Larrabee and Bronk (1941), and Pitts 
and Bronk (1942) The rhythmic character of these potentials and their fre- 
quency at about that of the corbcal potentials (notwithstanding anesthesia) is of 
particular mterest m view of the evidence assembled by Harrow, dost, Solomon 
and Mergener (1942) for an associahon of alpha potentials with cerebral vaso- 
constrictor tone 

Of great interest also is the recording of potentials from the carobd emus and 
the demonstrabon of specific functional relabonahips to sympathetic regulation 
which could have been derived only by electnoal methods (Bronk, 1931, Bronk 
and Stella, 1932, 1936, Fischer and LOwenbaok, 1934, Bogus and Stella, 1934, 
1936, Samaan and Stella, 1936, and Pitts, 1942) The possible appheations of 
such electrical recording technics (Bronk, Pitts and Larrabee, 1940) are as ex 
tensive ns the ramificahons of the autonomic system. 

Vn Avionimttc balance — dynamic equiUbnum Autonomic dysfunebon is 
often times referred to as “autonomic imbaiance " This may be beggmg the 
question, for obviously in a balanced system abnormal activity would bo recog 
nized only if it were sufficient to upset the balance A dysfunction of one part 
of the autonomic system, balanced by a compensatory dysfunction of another 
part of the system might conceivably constitute a double Uabihty, and 3mt not 
be demonstrable as an “imbalance ” The futility of treatmg symptoms under 
such conditions is obvious, and it is likely that many of the baffling problems of 
autonomic dysfunctions are of this type 

Although the Eppinger and Hess (1909) concept of balance, of sympathico- 
tonia, and of parasympathicotonin has served a useful purpose m directing and 
stimulating research, the actual clmical and physiological consequences of its 
appheation have imquestionably been disappombng Without detracting from 
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the importance of the concept m the development of our t hinkin g, it should 
be pomted out that present day knowledge of the physiological processes m- 
volved m mamtenance of “balance” dicatates that discussion to be profitable 
must be concerned but little with “balance” m the abstract and concentrated 
rather on specific neurophysiological mechanisms of homeostatic control 
Since the discovery by Henng m 1923 of the mam mechanisms of autonomic 
regulation or mamtenance of balance and the confirmation by Koch (1923) and 
by Hejunans (1928) our knowledge of carotid smus, aortic and abdommal vaso- 
sensory mechanisms has advanced so rapidly and the specific determmants of 
sympathicatomc and vagotomc effects have been sufficiently defined that refer- 
ence to such terms as “autonormc balance,” “sympathicotoma,” and “parasym- 
pathicotoma” without physiologic qualification partakes almost of mysticism 
Such terms are too general and too mdefimte, though on occasion it is conceded 
that they may be useful for purposes of classification 
The carotid smus mechanism, and also the carotid bodies, at the bifurcation 
of the mtemal and external carotid artenes, the vasosensory zone located m the 
arch of the aorta, and the less important, less well locahzed “vasotatic” receptors 
m the abdommal region established by Heymans (1929a, b), Heymans, Bouck- 
aert, Farber and Hsu (1936), and Hsu and Chu (1937) supply neurosensory im- 
pulses for the reflex control of circulatory and respiratory equihbnum The ca- 
rotid smuses exercise control by mamtammg and varymg the tome inhibition 
over these most essential life-mamtaimng functions as well as over the more 
general emergency functions of the s 3 Tnpathetic system They determme, as it 
were, the varymg negative bias required to “modulate” or moderate oscillations m 
the circulatory sj'stem In general, optimal conditions of oxygenation and 
blood pressure which favor bodily activity activate carotid smus function also, 
and the carotid smus m turn lowers blood pressure to that mmimum which is 
commensurate with the mamtenance of its own activity Conditions of low 
oxygen, low blood pressure, or excess carbon dioxide (Biehnski and Wierzuchow- 
ski, 1939) m the carotid smus, on the other hand, tend to reduce or inactivate 
carotid smus inhibitory processes and release the restramed sympathetic mech- 
anisms from tome inhibition At the same time tome parasympathetic impulses 
from the carotid smus are reduced Such conditions tend, like denervation, 
toward h3q)ertension, and m more extreme conditions they may occasion h 3 q)er- 
pnea (Heymans and Bouckaert, 1930a, b, Wmder, 1937a, b, 1938, Schmidt, 
1932) The terms activation and inactivation are here employed relative to the 
carotid smus because of the current confusion with respect to the word “sensi- 
tization” as applied for example to Vercauteren’s (1932) demonstration that m 
the presence of carbon dioxide the added embarrassment of a standard reduction 
m mtrasmusal pressure ■will produce a larger compensatory hypertensive effect 
than a similar change m pressure without the carbon dioxide Since usage has 
designated this effect a “sensitization” it is pomted out that m this case one agent 
merely potentiates the inactivation produced by the other (Bielmski and Wier- 
zuchmski, 1939) This general mterpretation of carotid smus function is offered 
•with full consideration of the fact that m extremely low pressure, “paradoxical” 
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reaobons with failure of respiration and blood pressure may obscure normal caro- 
tid smus compensations It is not assumed that these pnnoiples apply equally 
to the chemoreceptore of the carotid bodies, for these apparently operate by a 
positive rather than by an inhibitory mechamsm of control 

Qesell and collaborators have recently called attention to still another buffer- 
ing achon on gnnghomc structures They pomt out that acetylcholine is rap- 
idly destroyed by cholinesterase in an alkahne medium, but that it is conserved, 
mcreasing its duration and intensity of action, m an acid medium. This pro- 
vides a direct biochemical buffenng mechanism m which accumulation of acety 1 
chohne with its facflitation of myoneural and ganghonic tran?gus3ion parallels 
carotid emus dismhibitlon of sympathetic activity 

Not only do the moderator nerves normally maintain a regulatory inhibitory 
control over sympathetic activity , actually reducmg the magmtudo of vasomotor 
and other reactions to afferent nerve stimulation (see Rosenblueth and Schwarts, 
1936, for mctitating membrane, Izqmerdo, 1920, for vasomotor effects) but there 
IS evidence likewise of a positive control by way of the parasympathetio system 
(Hermg 1027,Heymans 1928, Bemthal and Motley, 1939) Of effects (blocked 
by atropme) via the vagus on the heart there can be no question, and even 
mcreased intestinal motility and tone has been reported following carotid sinus 
stimulation (Tournade and Malmajao, 1929) Evidence to the contrary (Thomas 
and Brooks, 1937, Grimson, 1940) that reflex carotid smus control is completely 
lost following sympathectomy does not disprove the existence of normal para 
sympathetic regulation by the carotid smus, for the reason that carotid sinus 
function IS dependent both upon the presence of adequate mternal pressure, and 
on the presence of sensititlng adrenalm, either or both of which may be ehmi 
nated by sympathectomy 

Adrenalin secretion, so often identified as an emergency blood pressure raismg 
device, apparently plays an important, and not always considered, rfilo m the 
carotid smus limitation and homeostatic regulation of autonomic activity The 
presence of arculatmg adrenalin m the carotid smus tends to sensitise that 
mechamsm and increase inhibitory effects both on blood pressure and respiration 
(Hoymans, 1929a, b) This was attributed by Stella (1932) to the mcrease of 
blood pressure and the effect of adrenalm on the “centers," but Malmajao, 
Bonnet and Desanti (1936a, b), Battencourt (1936) and Chu and Hsu (1M8) 
showed that the presence of adrenalm actually Increases the sensitivity of the 
carohd sinus mechanisms to the existmg pressure Thus may adrenalin occasion 
a depressor blood pressure reaction independently of its depressor penpheral 
effects previously considered Thus adrenalin by moreasmg carotid smus Inhi 
bition of the sympathetic may exorcise an inhibitory control ov er mednlliadrenal 
secretion It thereby provides homeostatic limitation of its own output In 
like manner may adrenalin limit the reactivity of other sympathetic functions 
(Darrow and Gellhorn, 1939, Gellhorn, Danow and Yesmick, 1939) 

Conversely, the action of acety Ichohno in the carotid smus may decrease inhi- 
bition of sympathetic activity ns shown by Hoymans, Bouckaert, Fnrbor and Hsu 
(1936) resulting m hypertension This may be considered a chohnergio macti- 



20 


CHESTER TV DAEROW 


vation of the carotid sinus, since the effects are similar m direction if not m 
degree to those of denervation The same apparently may be said of the physo- 
stigmme-hke action of ergotamme m the carotid smus, which may also result 
m h 3 rpertension accordmg to Bacq, Brouha and Heymans (1932), agam probably 
as an effect of disinhibition of the S3mipat3ietic by depression of carotid smus 
reflexes, as demonstrated after ergotamme b 3 '^ Heymans, Regmers and Bouck- 
aert (1930) The mcreased blood pressures observed m human subjects follow- 
mg ergotamme by Freeman and Carmichael (1936) are possibly so accounted for 

Inhibitory control by the carotid smus apparently extends likewise over the 
activities of those tome postural mechanisms which are sometimes associated 
with S 3 Tnpathetic function Not only wiU mcrease of mtra-carotid pressure 
block respiration (Bouckaert and He 3 mans, 1930, Schmidt, 1932) but it will 
halt shrvermg (Toumade and Mahnajac, 1929) decrease action potentials m 
skeletal muscle (Spychela, 1935) ehmmate the knee jerk (Schweitzer and Wnght, 
1937) reduce other skeletal reflexes (Kaufman, 1938, Koch, 1932) occasion relax- 
ation and sleep (Koch, 1932), halt convulsions and/or mduce sleep m previously 
narcotized animals aroused by metrazol (GeUhom, Darrow and Yesimck, 1939) 
Effects such as hyperpnea, convulsions, mcreased muscle potentials, mcreased 
somatic reflexes and convulsions have been observed foUowmg decrease of 
blood pressure by the same authors Thus conditions of autonomic equihbnum 
withm the carotid smus may exert a most important direct influence over the 
activities of the central nervous sji^stem 

The most defimtely identified clmical effects of carotid smus dysfunction are 
probably the syncopal attacks attnbuted to carotid smus hypenrntabihty (Weiss 
and Baker, 1933a, b) Ferns, Capps and Weiss (1935, 1936) following Weiss 
and Baker, have subdivided such attacks mto 1, cerebral, 2, cardiac, and 3, 
vasomotor tjqies, dependmg upon the probable mechanisms of precipitation 
In “cerebral” attacks there is apparently a direct action of carotid smus reflexes 
upon the bram or its cuculation In the other types the syncope is secondary to 
the embarrassment of general cuculation Convulsions m these latter cases are 
consequent to the syncopal attack (Freedberg and Sloan, 1937) and not duectly 
an effect of carotid smus hypenrntabihty, although Lennox, Gibbs and Gibbs 
demonstrate the possibility of attacks without cerebral anoxemia, by duect 
action of the carotid smus on the bram Weiss and Baker (1933) note that m 
idiopathic epilepsy^ (150 cases) carotid smus pressure does not produce seizures 
Marmesco and Kramdler (1931a, b) offer further evidence that epilepsy is actu- 
ally associated not with carotid smus hypersensitivity but with hyposensitmty 
and that it may often be a result of failure of that mechanism to protect the 
bram from mechamcal shocks transmitted by the cuculation That a defi- 
ciency of the buffenng mechamsm is an etiologic factor m some cases of epilepsy 
IS mdeed not unlikely, but it seems to the author that electroencephalographic 
evidence suggests that it is the madequate buffenng of the autonomic discharges 
to the bram, rather than the lack of hydrodynamic control, which is probably 
most frequently mvolved 

The complexity of the problem of testmg and mterpretmg the equihbnum 
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■which IS the final product of the moderator nerves is further fllustratcd in certain 
cases of schirophrema. Hypersensitivity and over regulation by the carotid 
siniis are hero possibly mdioated There is a relative absence of smus arrhyth- 
mia (Whitchom and Richter, 1937) which, accordmg to Regnieis (1920), is a 
sign of carotid mnus activity Sympathetic functions are depressed (Darrow 
and Solomon, 1934, 1939, 1940, Gellhom, 1938) Blood pressure teni to be 
low (Truman, Hoskma and Sleeper, 1932) Pulse tends to be slow (Hoskms 
and Welch, 1932) Postural activity may be inhibited as is evident m many of 
the so-called “withdrawal” symptoms The vago-insuhn secretion is mcreased 
(Gellhom, Feldman and Allen, 1941) and emotional hypoglycemia is the rule 
(Bo-wman and Kasanin, 1929, McGowan and Quastel, 1931, Whitehom, 1934, 
Gildae, Madhouse and Moms, 1936) Insuhn desensitiration -with the develop- 
ment of an anti insulin factor may occur (Medunn and Gerty, 1932), just ns 
msulm hypersensitivity may follow carotid smus denervation (Casas and Hins- 
berg, 1932) And a possible mechanism for such a carotid smus sensitisation m 
resistant hostile unco-operative patients is the secretion of adrenalin suggested 
by the studies of Darrow and Solomon (1940) This is further supported by the 
aggravation of schiiophremo symptoms by subcutaneous adrenalin as reported 
by Lmdeman (1936) and the decreased sensitivity to it (Kaimer, 1918, and Free- 
man and Conmchael, 1936) which is a natural consequence of adrcnalm adap- 
tation accordmg to Hoskms and Rowley (1916) and Adolph (1938) Ergota- 
mme which desensitizes the carotid smus has proved effective as therapy (Baber 
and Tieti, 1937) 

We may seek, then, tests of autonomic balance m terms of specific moderator 
compensatory mechanisms Symptoms of unbalance may conceivably arise 1, 
from exaggeration or displacement of one type of autonomic activity such that 
the normal buffenng mechanisms are unable to restore cquilibnum, S, from a 
deficiency or insensitivity of the moderator mechanisms, S, displacement of 
activity in one part of the autonomic system and an overcomponsation by the 
buffer mechanisms as far as other activities of the organism are concerned, and 
possibly 4, from overactive or oversensitive moderator mechanisms A tabula 
tion of symptoms might not diffcrontiato these conditions, yet treatment would 
properly differ accordmg to the cause of the dysfunction. 

Tests of autonotmo balance which have had ■wide apphcation are in general 
of two types (A) those which exanune the reaction of the organism or of some of 
its organs to a spcclBo autonomic stimulus, and (B) those which impose a more 
or leas non-specific load on the organism and attempt to measure the efficicnoy 
of the equilibrium malntainmg machmery under conditions of regulated stress 
Such are really tests, not of static “balance” but of dynamic equilibrium Space 
permits only the mention of some of the more common teats of these two types 

A. TctU of Ttadwn lo a tpeafic autonomic stimulm Among such tests prob- 
ably should bo mcluded the oculo-cardtac test (Aschner) in which pressure on the 
eyeballs chats alowmg of the heart, said to ho marked m “vagotomc” individuals 
The effects are different from those for carotid smus pressure (Mandelsturm and 
Ijpschutz, 1932a, b, Regueicrs, 1930, Wnght, 1932) The oculocardiac effects. 
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probably primarily vagal, apparently affect pulse more than blood pressure 
Carotid sinus pressure causes both vagal stimulation and sympathetic inhi bition 
Jacobivici and Nitzescu (1929) employ electncal stimulation of the carotid smus 
producmg effects similar to pressure The cold-pressor test previously descnbed 
(p 7) is probably effective primarily as a means of sympathetic stimulation 
That this test may be effective because it provides a harmless though moderately 
severe pam stimulus has probably been given less than due consideration 
Orthostatic tests, with or without a tdtmg table may be mentioned m this con- 
nection because of action on the carotid smus Correspondence of findmgs with 
those obtained by carotid smus pressure appear not too good The use of auto- 
nonuc drugs by vanous routes should doubtless also be mcluded m this group of 
tests In the case of mtravenous mjections mterpretation is always comphcated 
by^ the fact that penpheral effects and central and carotid smus compensatory 
effects may work in opposition The compensatory effect is often the important 
one Reactions to mtravenous adrenalin and “wheal” and “flare” reactions to 
subcutaneous adrenalm may have qmte different significance Tests of reaction 
to carbon dioxide and to overventilatiPn and attempts to shift the acid-base 
equilibnum as for example with bicarbonate or ammomum chlonde deserve 
mention m this connection, not only because of the relation of lomc equihbnum 
to ganghomc and myoneural transmission, but more especially because of the 
activation by hypocapma, high pH and calcium of the carotid smus complex 
It must be emphasized that o pnon mterpretations of such tests mvolvmg 
autonomic stimulation is hazardous For example, the fact that pressure on the 
eyes produces marked vagal-hke effects m certam mdividuals does not auto- 
matically render this a vahd test of “vagotoma ” Only demonstration of the 
correlation of these stimulation effects with results of other vahd mdicators can 
be justification for such an mterpretation 

B Tests which attam significance because they impose an effective load on 
the orgamsm and thus provide a means of gaugmg the effectiveness of vanous 
homeostatic mechanisms m handlmg the load are almost too non-specific to be 
mcluded as autonormc tests We should perhaps mention the Schneider (1920) 
test of cardiovascular efficiency, with its regulated mountmg and demountmg of 
a standard stairstep Tests m which the abihtj'' of the orgamsm to cope with 
a low oxygen pressure and acapma also deserve mention Apparently it makes 
little difference whether the subject ascends high altitudes by breathmg a low 
percentage of oxygen from a Douglas bag, by bemg subjected to reduced pressure 
m a tank, or by boardmg a plane This adds to the facihty and convenience of 
makmg such studies A third class of tests worthy of special mention are the 
so-called “neurosis” producmg tests which permit study of equilibnum mamtam- 
mg mechanisms which may be upset m emotion 

Such tests tend to go afield from the category of stnctly autonoimc tests 
Metabohc activity, bram function, electroencephalographic activity, electro- 
cardiographic activity, biochemistry and other functions without number may 
be and are on occasion properly measured m pursmt of information regardmg 
autonomic functions The only limitation is what can be measured and what is 
the aspect of autonomic function under consideration 
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Battenes of autonomic tests have been employed for the study of autonomic 
function and balance with a view toward detorminmg mdividual differences and 
to throw light on the rdlo of the autonomio system m the broader clmicnl adap 
tive and psychological relations Tlio cUmcal pathological studies of Peterson 
end coUaboratore (1930-1938) provide an exploration in this field with clues to 
posaiblo relationships which should be mentioned The pharmacologic studies 
of Meyeraon, loman, Pameshek et al also provide a systematic approach The 
correlational studies employing factorial analysis by Darhng and by Wenger 
(1941) suggest possibihties for the application of modem mathematical techmcs 
to the solution of autonomio problems where results from battenes of autonomic 
tests are available The latter method should reveal any tendency for autono- 
mic test results to be grouped accordmg to any pnnciplc For example, if 
sympathetic and parasympathetic activities play different and determimng 
r^les these should be denvable by such factorial analyses as indeed they were m 
the results of Darlmg Factorial analysis, it should be pomted out, may reveal 
relationships which otherwise nught escape attention They cannot, however, 
impart autonomic significance to testa which are not themselves vahd according 
to acceptable physiologic cntena Such correlational procedures should never- 
theless provide testa for the vahdity of accepted test technics and assist m the 
identification of still undiscovered autonomic indicators 
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It has become mcreasmglj obvious Irom the irork of tho past few years that 
the substances designated bj the term “vitamm E” play an mdispensable part 
m the metabolism of skeletal muscle It is the purpose of this review to assem- 
ble the evidence m support of this statement 
The first hmt that the effects of vntamin E deficiency nero not restricted to 
the reproductive sphere is to be found In the observation of Evans and Burr (1) 
m 1928 that the offspring of mother rats, parballj depmed of vitamin E, tend 
to become paralyted toward the end of the nursmg period We may quote 
from their deschption of the chmcal picture “A day or two before the weamng 
penod (21st day of life), it Is frequently noted that the young m these fitters 
have begun to have difficulty m regaining their limbs when placed on their 
backs Tho disabflity mcreases B> the 2lBt day of life, about three-fourths 
of such young are paralysed ra part of the musculatures of tho body wall and the 
posterior extremities The disease mcreases m seventy dunng the ensumg 4 
or 6 days and by the 25th daj of fife, practically all animals destined to develop 
tho disease will exhibit it, though occasional instances of a still later develop- 
ment have been encountered " "The suddenness of onset is remarkable 
One encounters senously affected animals known to have been normal the 
previous day” “Less than 20 per cent recovered, and some of these were 
left with residual paralysis ” 

“Complete protection was obtamed when wheat germ oil or concentrates 
(non-sapomfiablo fraction, freed of steroids) was administered to the j-oung ” 
Althou^ vitamm Ehad not at that time been chemically identified, tho evidence 
pomted to a ‘ comphcity of vitamin E in the production of this disorder ” 
Evans and Burr did not themselves mvestigate tho underlying pathology 
but placed material at the disposal of lapschOti (2) who, eight years later, 
published a paper dcscnbmg widespread degenerative changes m the central 
nervous system m these rats Curiously, tho patent, grossly visible alterations 
of the skeletal muscles completely escaped his obsen ation, and it was not until 
Olcott’s (3) paper m 1938 that the paralysis of suckling rats was rccognixed as 
bemg due to extensive necrosis of the voluntary muscles Olcott could find no 
lesions m the central nervous sjatem 

In the meantime, tho production of generahicd muscular lesions bj dietary 
means had been achieved by other workers m different species Gocttsch 
and Pappenheimer (4) m 1931 described profound alterations of tho skeletal 
muscles m rabbits and gumea pigs maintamed upon a scorbutic diet, supple- 
mented by adequate amounts of orange or tomato juice and treated with 
ethereal feme chloride to dcstroj tho vitamm E (Waddell and Steenbock, 6) 
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They proposed for this disease the now generally accepted term “nutritional 
muscular dystrophy ” Other species have been found to be susceptible to a 
similar disorder, sheep and goats (Madsen, McCay and Maynard, 6), ducks 
(Pappenheimer and Goettsch, 7), the tree kangaroo (Goss, 8), mice (Pappen- 
heimer, 9), and hamsters (10) Symptoms suggestmg muscle dystrophy have 
been noted by Anderson, Elvehjem and Gonce (11) m pups bred of vitamin E 
deficient mothers, but no studies on the pathology have yet been reported 
Dogs with chrome biliary fistulae have been found by Brinkhous and Warner 
(12) to develop muscle lesions, and these have been ascribed to failure of ab- 
sorption of vitamin E when bde is excluded from the intestme 
Chicks only exceptionally develop muscle lesions on an E deficient diet 
(Pappenheimer, Goettsch and Jungherr, 13, Glavind, 14) 

Abundant evidence has accumulated to prove that this selective necrosis 
of the muscle fibers results from a deficiency of vitamm E m the diet It has 
been shown that vitamin E m the form of natural or S 3 mthetic alpha-tocopherol 
prevents or cures the disease m rabbits and gumea pigs (Shimoton, Emerson 
and Evans, 15, Mackenzie and McCollum, 16, Eppstein and Morguhs, 17) 
The minimal reqmrement of rabbits for dl-alpha-tocopherol acetate has been 
estimated by Eppstem and Morguhs on the basis of curative experiments at 
about 0 32 mgm per kilo per day, somewhat less than the figure of 0 6 to 1 06 
mgm given by Mackenzie, Levine and McCollum (18) 

The paralysis of suckhng rats derived from vitamm E deficient mothers can 
also be prevented by the admimstration of natural or synthetic alpha-tocoph- 
erol, 0 5 mgm fed on the 16th to the 17th day affordmg protection to at least 
85 per cent of the young (19, 20) The nutntional myopathy of ducklmgs is 
prevented by daily doses of 2 to 4 mgm of synthetic dl-alpha-tocopherol (21) 
Two factors have been much discussed as to their importance m the pro- 
duction of experimental muscular atrophy 
The first is whether cod liver oil m the diet of herbivorae exerts a direct toxic 
effect upon the skeletal muscles or whether it favors the dystrophic change by 
destroying, through its rancidity, vitamm E in the mtestmal tract The first 
point of view was mamtamed by Madsen, Maynard and McCay (6), and by 
Davis, Maynard and McCay (22), who clearly demonstrated that the addition 
of cod liver oil expedites and mtensifies the muscle lesions Nevertheless, the 
complete omission of cod hver oil from the expenmental diet does not entirely 
elimmate the mjury Goettsch and Pappenheimer (4), Madsen (23) and 
Mackenzie and McCollum (24) have shown that muscular dystrophy can be 
produced m guinea pigs vuth diets contammg no cod liver oil This would seem 
to exclude toxicity of cod hver oil as a primary factor in the production of the 
lesions Mattill (25, 26), demonstratmg the imlnerability of vitamm E to 
oxidation m the presence of unsaturated fatty acids, strongly questions the 
assumption of a direct toxic action In a recent paper, Mattdl and Golumbic 
(27) bnng additional evidence that the effect of cod hver oil is to favor the 
destruction of vitamm E through the development of rancidity m the gut 
Another question which may be regarded as settled is the alleged participation 
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of a ^-atcr soluble, not further identified member of the Mtninm B complex in the 
deficiency A dual deficiency noa firat postulated bj Morgulia and Spencer 
(28) At that tune pure preparations of alpha tocopherol were not available 
Further work on the prevention and cure of the disease m both rabbits and 
guinea pigs has convmcm^y excluded the complicity of a deficiency of a water 
soluble B factor m the causation of the lesions 

It was recently reported by Holmes and Pigott (29) that orally administered 
thiamm chloride was effectiie m curing the suckling paralysis of rats The 
authors appear to have been unfamiliar with the spontaneous regression of the 
lesions after wcanmg Terry (30) has proven the meffectiveness of vitamm Bj 
in the prevention and cure of suckhng paralysis 

Chemicae erruniES 1 Changa in eltctnlyies Fenn and Gocttsch (31) 
analysed dystrophic rabbit muscle for K, Nn, Cl, Mg and Ca Potassium and 
magnesium were found decreased, sodium was mcreased out of proportion to 
gam m chlonde, from which it was concluded that it entered the cells m exchange 
for potassium and magnesmm High concentration of Ca and total P were 
found in muscles showing histologic evidence of calcification of the fibers 

A sumlar study by Morgulis and Osheroff (32) confirmed the loss of potassium 
and the merease m the sodium and chlonde content The calcium was also 
increased The mterprctation of these ovur all changes m electrolyte content 
IS difficult because of the complex and varying composition of dystrophic 
muscles as regards normal, necrotic, and regenerating fibers wandering cells. 
Interstitial fat and connective tissue, and pathologic calcification of dead fibers 

2 Phosphorua compmmda hlorgulls and Spencer (33) found a decrease in 
total and soluble phosphorus and fractions thereof Goettsch, Lonstein and 
Hutc hins on (34) anidysed normal and dystrophic rabbit muscle for total phos 
phohpid, total acid soluble phosphorus and total inorgamc orthophosphate 
phosphorus No striking changes were found until the muscle became severely 
degenerated No change was detected in the total phasphohpid phosphorus. 
Total acid soluble, and total morgamc phosphorus w ere decreased except m the 
presence of calcification, m which case, as might be prerbeted, the total acid 
soluble and total morgamc phosphate were mcreased The phospho-creatin 
content of degenerated restmg muscle was reduced absolutely, but was un- 
changed relntivo to total acid soluble phosphorus 

Lu, Emerson and Evans (36) have also determined various phosphorus frac- 
tions of dystrophic rat muscie, as compared with muscle of rats on normal diet 
There was a marked increase m total P and total acid soluble P, no change m 
creatm phosphate a shght decrease in orgamc phosphate The abihty of the 
affected muscle to phosphorylato glycogen was reduced bv about 40 percent 
ns compared with normal muscle 

There is nothing in these studies to Indicate that the described changes m 
phosphorus fractions precede the onset of lesions, nor do they offer any clue 
as to the intimate nature of the disturbed metabolism 

3 Ltptrfs Morguhs, Wilder, Spencer and Eppstein (30) studied the hpid 
content of various tissues of rabbits with muscular dystrophy They found no 
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changes in the heart and vanous internal organs, but the skeletal muscles showed 
a great mcrease m fat, hpoid P and especially in cholesteiol (100 to 350 per cent) 
The rise m cholesterol preceded that of total hpoid P and fat, and must be 
regarded as a “specific characteristic” of dystrophic muscle, the proportion of 
esters to free cholesterol also mcreasmg as the dystrophy progresses There is 
an accompanying hypercholestermenua (33) 

4 Creatin A number of workers (37, 33, 38) have demonstrated a reduction 
m the creatm content of dystropluc muscle of guinea pigs and rabbits, and of 
old and young rats (39, 40) An mcreased unnary excretion of creatm in 
vitamm E deficient rats was reported by Verzdr (41), and m rabbits by Morguhs 
(42) Advantage has been taken of this creatmuna m foUowmg the progress 
of the disease m rabbits, its disappearance under vitamm E therapy has been a 
valuable test of the efficacy of the treatment (43, 44) 

5 Oxygen consumption One of the most mterestmg and perhaps significant 
alterations m the biochemistry of dystrophic muscle is the mcreased O 2 con- 
sumption Victor (45), using a modified Warburg techmc with Perm volu- 
meters, was able to demonstrate an average mciease of from 200 to 400 per cent 
m rate of O 2 consumption per gram per mmute when dystrophic rabhit muscle 
v as compared with normal muscle from animals on a stock diet Madsen (23) 
repeated these experiments with muscle from both rabbits and gumea pigs, and 
fully confirmed Victor's observations Fnedman and Mattill (46) likewise 
found an mcreased O 2 uptake m dystrophic muscle of rabbits when compared 
vith that of animals on Purma rabbit chow, and a similar mcrease of more 
than 40 per cent was obtamed m the muscles of 5 months old female rats kept 
since weanmg on E deficient diet At 13 months, when the rats had severe 
paralytic symptoms, the difference tended to disappear, and the Q O 2 was hardly 
above normal A few' prehmmary experiments mdicated that the administra- 
tion of 5 mgm of dl-alpha-tocopherol acetate w'as followed by a fall m O 2 con- 
sumption withm 24 to 120 hours 

Houchm (10) has made similar observations in the hamster An average 
Q O 2 of 1 70 was obtamed m the semitendmosus muscle of normal control 
ammals The Q O 2 of degenerated muscle was as high as 4 55 After thera- 
peutic doses of alpha-tocopherol, normal values were reached withm 30 hours 

A recent prehmmary report by Houchm and Mattill (47) adds the very 
important observation that water soluble alpha-tocopherol phosphate dissolved 
m Rmger-Locke solution, brmgs about a reduction of 41 3 per cent and 35 7 
per cent respectivelj' m the O 2 consumption of dystrophic rabbit and hamster 
muscle They believe that the alpha-tocopherol participates in a biological 
system, and does not act merely as a chemical antoxidant The metahohsm of 
normal muscle w as not affected by the addition of alpha-tocopherol, so that it 
may be assumed that it already contains the optimal amount 

All the precedmg studies on O 2 consumption have been made on dystrophic 
muscle m which the mterpretation of the results may be comphcated by the 
presence of inflammatory or regeneratmg cells, or a variable proportion of 
fibrous or adipose tissue Usually the metabohsm of muscle from ammals on a 
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stock diet of very different composition from tJie eupcrrmental one has been taken 
as a normal standard of reference It therefore seemed important to find out 
whether a rise m the tn eiiro 0« consumption on vutamin E deficient diet oc- 
curred also in the absence of morphologic changes m the muscle, and whether 
the administration of alpha tocopherol, without other modification of the diet, 
would inhibit this nso The problem has been token up bj Kaumts and Pap- 
penheimer (48) The skeletal muscle of young rata bom of vitamm E deficient 
mothers has been found to show a significant increase in Q Oj as compared with 
Utter-mates which had received a single dose of dl alpha tocopherol acetate 
on the 16th daj , and this increase occurred not only m dj-strophio muscle, but 
also m the absence of lesions The pectoraha muscle of chicks on an E deficient 
diet was also studied. In this species, lesions of the muscles occur only ex- 
ceptionally and w ere completely absent m the material exnmmcd The findings 
were comparable to those of rat muscle 

These observations complement those of previous observers by demon- 
strating that the moreased Oj consumption reflects an altered metabolism of the 
muscle tissue itself, and is independent of visiblo alterations m stmcture 

6 Total Oi amtumptum of tnlad arnmalt on viiamtn B defiaenl duL This 
has been little studied Wood and Hines (49) discovered no difference in the 
cubic centimeter Oj per M* of surface area per hour, between gmnea pigs on 
Gocttach-Pappenheuner dystroph} -producing diet 13, and on a stock diet of 
grains, alfalfa and lettuce 

Kaumti and Pappenheimer (48) have followed the total Oj consumption of 
rata from the 10th to the 160th day As controls, m addition to rats on a 
stock diet (Hockland pellets), litter-mates were given a single dose of 1 mgm 
of dl-alpha-tocopherol on the 16th day, completely protectmg them from the 
lactational paralj’sis The Oi consumption measurements were carried out in a 
closed cuircuit apparatus at 29'’C, the animals were mamtamed m a warm 
room at about the same temperature Determinations were made at 1 or 2 day 
intervals during the early growth period, and weeklj thereafter Results were 
calculated as cubic centimeters Oi per kilo per rmnuto, and as cubic centimeters 
per M* surface per mmute (Lee formula), both on basiB of w eight and age Prom 
the bme of weatung until the 70th to 80th dnj , or until the rate had attamed 
a weight of about 100 grams, the oxj'gen consumption of rats which had received 
a smgle proteetb c dose of dl alpha tocopherol dunng the lactational penod 
remamed consistently and sigmficantly lower than that of their litter mate 
controls After this time there was no appreciable difference 

Dunng the paralyhc period, from the 18th to the 23rd days, the affected 
rats usually lost weight, probablj because of inability to nurse, and their sub- 
sequent growth was retarded as compared with treated httcr mates. To 
dotermme whether the subsequent increase in Q Oj was due to this transient 
weight loss, rats on a complete stock diet were subjected to partial starvabon 
from the 17th to the 2lBt daj This resulted in a temporary depression in total 
Oi consumption, but this was rapidl 3 ironed out, and after the 2Ist daj there 
was no significant difference between the stnned rats nnd their httcr mate 
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controls It would seem therefore that the effect of the tocopherol m lowering 
the total oxygen consumption throughout the adolescent penod is a specific one, 
and that transient mamtion durmg lactation per se does not influence the 
subsequent O 2 consumption 

The question may be raised at this pomt whether the mcreased metabohsm 
m the vitamin E deficient animals is to be attnbuted to the altered metabohsm 
of the muscle tissue, or whether it is possibly an mdirect effect mediated through 
the thyroid The literature bearmg upon the condition of the thyroid m vitamm 
E deficiency is rather conflictmg Smger (60) reported the thyroid to be 
histologically hyperplastic m female rats which had been on an E deficient diet 
for 12 to 18 months, and Bame (61) observed the same thmg m the young of 
vitamm E deficient mothers Telford, Emerson and Evans (62) were unable 
to confirm Bame’s findmgs, and Morguhs (63) states that the relative dry weight 
of the thyroid m dystrophic animals on a vitamm E diet is imchanged On the 
other hand, Biddulph and Meyer (54) found a two-fold mcrease m the weight 
of the thyroid m male rats after 6 months on vitamm E deficient diet, as com- 
pared with those receivmg wheat germ oil or stock diet The addition of 
lodme to the E deficient diet restramed the thyroid weight to normal hmits 
In the female they found no difference In a second paper (65) hypertrophy 
of the thyroid is brought mto defimte relation with the low lodme content of 
the experimental diet and drinking water The addition of wheat germ oil to 
the diet, without lodme supplement, alone reduced the thyroid weight and basal 
metabohsm to normal limits 

It IS obvious that the mcreased O 2 consumption noted by Kaumtz and Pap- 
penheimer durmg the period from 1 to 3 months cannot be ascnbed to mcreased 
thyroid activity, smce it is inhibited by alpha-tocopherol without other supple- 
ment Moreover, the Hawk-Oser salt mixture m their experimental diet 
contains abundant lodme The direct effect of alpha-tocopherol phosphate 
in vitro upon the muscle metabohsm, as described by Houchm and Mattill, 
IS further evidence against participation of endocrme glands 

Physiological sroniEs There have been few studies of muscular functions 
m vitamm E depleted ammals Victor (45) has determmed the chronaxie and 
rheobase m dj^strophic rabbit and duck muscle, and found them both sigm- 
ficantly increased linowlton and Hmes (39) have studied the functional 
capacity of the gastrocnemu of adult rats on a vitamm E deficient diet The 
animals were survivors of offsprmg of vutamin E depleted mothers The maxi- 
mum isometnc tension developed by the mtact gastrocnemius m response to 
condensor discharges at 50 per second, was found to be defimtely less than 
that of control ammals receivmg wheat germ oil Histological exammation of 
the muscle showed hyahne necrosis m only a few' fibers, so that the functional 
alteration appeared not to be closely correlated with visible changes m structure 
In a subsequent paper, Ivnowlton, Hmes and Bnnkhous (56) demonstrated 
that synthetic dl-alpha-tocopherol, hke wheat germ oil, favorablj' affected the 
muscular strength Both preventive and curative expenmen ts were made 

Effect of inactivity Section of the sciatic nerve or of the Achilles tendon m 
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j ouDg rflta bom of vitamin E depleted mothers has been found to protect the 
correspondmg gastrocnemms from becoming dystrophic, provided the operation 
be performed before the 17th day (57, 68) The significance of this observation 
is not clear, but it does suggest that \ itamm E is m some ivaj imphcated m the 
contractile phase of muscle metabolism rather than m the restmg phase 
Smooth muscle There is httle to indicate that vutanun E deficiency has a 
profound effect upon non-stnated muscle Goettsch and Pappenheuner (4) 
found the smooth muscle of mtestme, bronchi blood vessels and uterus unaf- 
fected m rabbits and gmnea pigs In female rats, however, there docs occur, 
after long-stnndmg vitamm E deficiency, a verj striking brown colorabon of 
the utenne musculature, not only in animals which haie hod repeated fetal 
resorptions, but m virgin rata as well (66, 60, 61) The pigment accumulates 
withm the muscle fibers and interstitial cells, and may lead to degeneration and 
fibrous replacement It docs not give an iron reaction, but hemoaidenn docs 
occur m the mucosa and mterstitial tissue after repeated resorptions (Hessler, 
62) The reactivity of the utenne muscle to vanous pharmacologic agents — 
acetyl-choline pilocarpm, prostigmm, adrenalm, ergotamm — was found by 
Hessler not to be altered The source and chemical nature of the pigment have 
not been satisfactorily determmod 

The only animal thus far studied m which smooth muscle appears to be 
Bolectively affected is the turkey, m which rntamin E deficiency regularly leads 
to necrosis of the giasard musculature, with subsequent replacement fibrosis (63) 
Nehvocb SYtf i 'EM Because of the large arra> of clmical papers which have 
appeared dunng the past two years dealmg with the effects of vitamin E therapy 
m certam diseases of the central nervous system, it seems desirable to review with 
some care the evpenmental work upon which this treatment has been grounded 
We have alreadj referred to the paper of LipschOti (2), who studied the 
brains and cords of young rats with suckhng paralysis supphed by Evans and 
Burr He described (on the basis of Marchi preparations) degenerative changes 
in a the crossed and homolateral, dcscendmg and ascendmg vestibular tracts, 
b, the columns of Goll and Burdach, c, the tecto-spmal tract With Nissl 
preparations, it was possible to detect three or four stages of degeneration of 
the medio-ventral and lateral anterior horn cells, which alone were affected, — 
vacuoles, diffuse coloration of the cytoplasm, loss of nucleus and Nissl substance 
These changes were accompanied by neurogha proliferation 
LipschOti attributed the paraiytic symptoms in suckhng rats entirely to these 
neurologic lesions having failed to rccogmie the presence of severe changes m 
the skeletal muscles These were first described by Olcott in 1938 (3), and later 
by Pnppcnheimer (64), Bame (65), Vcn4r (41), Dcmolc and Pfali (66) and by 
Einns and collaborators (67, 68) Olcott and Pappenheimor were unable to 
find any changes m the central nen ous system 
Undoubtedly the most thorough study of the central nen ous system in vita- 
min E deficiency is that of Emarsen and Bingsted (69) published m 1938 This 
is invariably taken ns supplying the oicpcnmcntal ground work for the thera- 
peutic use of ntarain E in amsotrophic lateral scleroas and other chrome 



44 


ALWIN M PAPPENHEIMER 


nervous disorders (70-91) Ringsted (92) m 1935 had observed certain clinical 
abnormalities of gait and behavior m adult rats that had been kept on vitamm E 
deficient diet for a prolonged penod The animals developed a waddlmg gait, 
■with mco-ordmation and spreadmg of the hmd legs, hypesthesia and hypalgesia, 
roughenmg of the pelage and loss of hair Some of the rats survived for 2 years 
m spite of the progressive paresis 

The lesions found by Emarsen and Rmgsted did not tally exactly -with those 
descnbed by Lipschtitz The first structures to be attacked, accordmg to these 
authors, -were the proximal parts of the posterior roots, and the proprioceptive 
and possibly also the uncrossed paths m the fasciculus cuneatus and fasciculus 
gracilis Later, there appeared mcreasmg degeneration m the motor cells of the 
antenor horns, to which was attributed the progressive atrophy of the leg 
muscles It was doubtful whether the penpheral afferent fibers were affected, 
changes m the spmal gangha were relatively slight In several animals, chm- 
caUy m the last stages of the disease, partial degeneration of the cortico-spmal 
tract was noted No changes were found m the tecto-spmal tracts, nor m the 
nuclei of the medulla or mesencephalon 

As a rule, the “first and largest site” of the process was m the lumbo-sacral 
part of the spmal cord The process gradually e-vtended upward to the thoracic 
and lower cervical cord as far as the 5th segment In a few cases the cervical 
cord seemed most severely affected 

The anatormcal picture thus resembled closely a combmation of tabes dorsalis 
and progressive muscular atrophy In the few cases m which the pyrarmdal 
tract was affected, the lesions were regarded by Emarsen and Rmgsted as 
analogous to those of amyotrophic lateral sclerosis The muscle lesions were 
interpreted as secondary to the spmal cord changes — a simple, neurogemc 
atrophy ■with occasional mcrease m the sarcolemma nuclei 

Monmer (93) has also descnbed alterations m the central nervous system m 
adult rats on ■vitamm E deficient diet His matenal consisted of 38 adult rats 
which had been mamtamed by Verzdr on a diet of starch, casern, lard, salts, cod 
hver oil and brewer’s yeast Symptoms were observed after 9 to 10 weeks and 
became progressively more severe Three of the ammals died between the 14th 
and 23rd months, ■with a loss of weight of 40 'to 70 grams m the final 12 days 
In addition to the symptoms descnbed by Emarsen and Rmgsted, the rats dis- 
played head tremor, dysmetna, dimmution m olfactorj'' and auditory sensation, 
trophic or vegetative disturbances, exophthalmos, urmary mcontmence, alo- 
pecia and ulceration 

The skeletal muscles showed segmental necrosis, multiphcation of sarcolemma 
nuclei and mvasion of mononuclear elements These muscular changes were 
associated ■with partial demyehmzation of the intra-muscular branches of the 
penpheral nerves, and vuth shght rarefication of the postenor columns of the 
cord Later there occurred marked degeneration of the fascicuh of GoU and 
hj'perchromatosis and sclerosis of antenor horn cells Contrary to the findmgs 
of Emarsen and Rmgsted, the pyramidal tracts were never affected 

In this countrj^ sirmlar studies have been made by Gutierrez-Mahoney (94) 
on rats supphed by Dr Karl Mason Young rats -with paralysis, offsprmg of 
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\’itamin E depicted mothers and Bur\i\lng rats, mamtamed for over a 3 ^r on 
the vitamm E defiaent diet and comparable to the adult rata of Enarsen and 
Ringsted, furnished matenol for this worU 
Emphaaia is placed on changes found m tho ganghon cells — hyperchromatosis 
of cytoplasm ivith loss of >«isal substance, thinning and elongation of cell bodies, 
or a second type of change characterised b 3 dimmution of atamable contents 
and vacuohcation and phagocj'tosis Both anterior and poetenor horn cells, 
tho nuclei of tho meduUa, Purkmjc cells, tho larger and smaller cells of the dorsal 
gangha and the cells of the cerebral cortex were affected Myelm stains dis- 
closed alterations in the saatic nerves — swelling, fragmentation, ball formation 
and loss of myelin The anterior and postenor roots in tho cauda equina and 
long conducting pathway’s were also involved Changes were seen m the an- 
terior and lateral tracts, in the posterior columns and to a lesser extent In the 
cortico-spmal pathwa5'B and the corona radiata and median forebram bundles 
Thus the lesions described by Gutierrex-Mahoney were even more severe and 
widespread than those noted by Kinarsen and Ringsted 
Wo have listed the various lesionB described by these authors m some detail 
It IS plom that there are wide discrepancies m tho findings, indeed, no two in- 
vestigators agree os to the distnbution of the lesions • 

Wolf and Pappenheimer (95) have recently reported on the results of their 
study of this problem Thar matenal included 19 rats on vitamin E deficient 
diet, comprising 11 adult males, 4 females killed after periods vao’ing from 180 
to 365 daj^, and 4 joimg Control animals on stock diet, on a simplified com- 
plete diet, and on vitsmm E deficient diet supplemented by wheat germ oil or 
by alpha tocopherol were taken for comparison Throu^ the courteous co- 
operation of Dr Karl Mason, rata from his colony exhibiting tho chamctenstio 
signs of chrome vitamin E deficiency were also placed at their disposal 
Aside from changes caused by techmcol artefacts, and present with equal fre- 
quency m the control material, thej found the central nervous system unaffected 
in vntanun E deficient rats, 

^^^^ctbcr this cardinal dlscrepancj between their work and that of previous 
observers is attnbutablc to subtle differences m diet, to differences in technical 
procedure or to differences in Interpretation, it is difiScult to say As regards diet, 
Enorsen and Ringsted’s diet V citrcmel> low in fat, nevertheless thej 
foimd that the addition of oleic and Imoleic add, in addition to 60 mgm of 
peanut oil daily, did not prevent the appearance of the lesions The diets used 
bj LipschdU, Monnier and bj Guticrrcs-Mahoncj were practically identical 
with those in use in this laboratory It Is be> ond the scopo of this revncw to 
discuss the technical pitfalls which maj give nse to wrong mtcrprctations in tho 
histologic studi of the central nervous system, but it seems probable that tho 
divcratj m tho distribution and character of the reported lesions may be 
ascribed to variations in tcchmquo One mnj also call attention to tho lack 
of adequate control material for comparison Tho proper controls m this in 
stance — animals on vitamm E deficient diet supplemented by protective doses 
of alpha tocopherol were not studied bv tho authors cited 
In view of these contradictions, it would seem tliat the therapeutic use of 
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vitamm E m amyotrophic lateral sclerosis and other degenerative diseases of the 
spmal cord rests upon a verj’- insecure experimental basis 
There remains the possibilit}’- that the primary effect of the deficiency is upon 
the motor end plates of the muscles, and here agam there is no complete una- 
ninuty m the reported findmgs Rogers, Pappenheuner and Goettsch (96) were 
unable to detect visible alterations m the terminal neuntes or end plates of 
dystrophic gumea-pig muscles, and Pappenheuner (9) reported similar negative 
observations m young rats with severe muscle lesions Telford (97), on the 
other hand, found a reduction m the number of end plates m severely damaged 
muscles, vuth a return to normal upon recovery There is at least complete 
agreement that the necrosis of muscle fibers precedes any loss of neuntes, and 
that the nerve endmgs may be morphologically normal even when necrosis of 
the muscle has taken place The possibdity that there ma}'^ be functional altera- 
tions m the absence of demonstrable morphological lesions has not been ruled out 
Lesions of the brain in chicks on mtamin E deficient diet Under the designa- 
tion of nutntional encephalomalacia, Pappenheuner and Goettsch (98), m 1931, 
descnbed extensive ischemic necrosis occurrmg m chicks on a diet deficient m 
vita min E 

The firs^ symptoms mdicative of severe cerebral damage appeared between 
the 20th and 30th day after hatchmg — coarse tremors, ataxia, head retraction, 
propulsive, retropulsive or rotational movements, usually endmg m death 
Some animals recovered and went on to normal development, a phenomenon 
comparable to the spontaneous regression of the lesions m the sucklmg paralysis 
of rats The pathology is , distmctive The lesions affect the cerebellum, 
cerebrum and medulla m that order of frequency and are essentially areas, often 
large and grossly visible, of ischemic necrosis There is death of ganghon cells 
and ghal elements, hemorrhage, edema and capillarj’^ thrombosis Later, if the 
chicks survive, reparative changes take place (99) 

The disease is preventable by vanous vegetable oils and by their non-sapom- 
fiable fractions after removal of the sterols (100), and by alpha-tocopherol, 
natural or synthetic, m daily dosage of 0 1 to 0 2 mgm (101, 13) The disease 
can be produced on a complete diet m which vitamm E is destroyed by heatmg 
with ethereal feme chlonde (102), and it occurs as a spontaneous disease under 
field conditions (103) Although the bram m vutanun E deficient chicks bears 
the brunt of the m]ury,the lesions cannot be mterpreted as a specific toxic effect 
upon nerv^e tissue, smee they are obviously the effect of vascular occlusion 
The pathogenesis of the lesions is still obscure, whether due to vascular spasm 
or to capiUarj' thrombosis, but their infarct-hke nature cannot be demed 
The “alimentary exudative diathesis” descnbed by Dam and his co-workers 
(104), and preventable by laige doses of alpha-tocopherol, appears not to be 
correlated mth the encephalomalacic condition It has occurred ver}' rarely 
with the standard diet 108 used m this laboratory, and prolonged extraction of 
the casern with alcohol and the low fat content of the diet seem to be, if not 
essential, j^et favmrmg factors m its onset (105) 

Mason (106) has recentl} called attention to the frequent occurrence of cu- 
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taneous and intracerebral hemorrhage m rat embryos of vitamm E deficient 
mothers. Subcutaneous edema, mth or •without muscle necrosis, occurs also 
m nen horn mice, bom of ■vitamm E depleted mothers (9) It would seem 
that m certam species and under certam conditions not yet defined, vitamm E 
defiaenoy Is attended by circulatory disturbances, and perhaps by alteration in 
capillary permcabiht} 

Generae dibcobsion In concludmg our renew, we maj summanie this 
analysia of the literature with the generahiation that vitamm E plays an essen- 
tial port m the metaholism of skeletal muscle m all species of mammals that 
have been mvesbgatcd and m ducldmgs It has, in our opmion, not been 
satisfactorily shown that -vitamm E is essential to the mtegntj of the nervous 
system 

There are many mterestmg and fundamental problems that demand further 
inquiry The most pressmg, it would seem, is to define m chemical terms the 
exact rile that the tocopherols enact in the complex chemism of skeletal muscle. 
With active, water soluble preparations now available, progress along this hne 
IS mevitable The observation that immobihiation of muscle, whether by 
nerve section or tenotomy, offers protection against degeneration of the fibers, 
suggests that the vitamm ib concerned with the contractile, rather than the 
resting metabolism of the muscle The proven fact that the total Oj consump- 
tion of the muscle of vitamm E deficient animals is reduced by alpha tocopherol, 
both in vitro and in two, should give a clue to further analysis of its action 
Very uncertam still is the importance of vitamm E in the nutntion of human 
muscle, although it is most unlikely that human muscle will be found to differ 
fundamentally m its requirements for this ntainm from that of other mammals 
As chemical tests are perfected and adapted to clinical use, dietary assays ex- 
tended, and more is learned about the conditions which govern absorption and 
utilisation, thb rfile and importance of vitanun E in human muscle nutntion wiH 
become clearer 

For other discussions of the relation of -vitamm E to the neuro-muscular 
Bystems, the writer wishes to call attention to the recent excellent reviews of 
H M Evans (107), Wolbach and Bessey (108), and Karl Mason (106) 
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MICRORESPIRATION TECHNIQUES 

JULIAN M TOBIAS 

UnwtTtxly of Chicago, Dtparimtnl of Phytxology 

Microrespirometer techniques have been developed m response to needs for 
methods of high sensitivity, rapidity of response, or both. The problems ap- 
proached by these methods may, m general, be grouped into one of two cate- 
gories 

1 Investigations mto the temporal distnbulion, over relatively long total 
tunes, of processes whose progression is mirrored m gas concentration changes 
Micromethods are needed for reactions produemg a small total change Stability 
and sensitivity are equally important 

2 Investigations into the temporal distnbutlon, over short total times, of 
processes whoso progression is mirrored m gas concentration changes Speed of 
response and sensitivity are at a premium whereas stability of the measurmg 
instrument becomes progressively less important as observation tune shortens 

During the past forty j ears or so a number of procedures have been developed 
to deal with such problems as they have arisen m biological researches It Is the 
purpose of this review briefly to evaluate their relative sensitivities and precisions, 
and to pomt out their assets and limitations The related problems of calibra 
tory tcchmques and estunation of amount of metabohsmg material will also be 
touched upon 

Mernons or msToniCAL intebest Tht bvymettr Possibly inspired by the 
methods of Peltersson and Pettenkofer (1) (2), Tashiro, m 1913-14 (3) (4) (6) 
(fl) constructed an instrument to which he gave the name “biometer" With 
it he demonstrated that survivmg nerve produces carbon dioxide and that the 
rate of production is moreased by stimulation 

A nerve segment was suspended In a COi free, glass respiration chamber 
Known amounts of gas could be transferred to an adjoimng analysis chamber 
contaimng a drop of barium hydroode whoso surface was observed with a lens 
If a hmiting amount, or more, of carbon dioxide was contamed m the sample 
\Tsiblo crystals of banum carbonate formed on the drop surface. It had been 
determined that a “quite defimte” amount of carbon dioxide had to bo introduced 
mto the test chamber to produce a just visible precipitate. “By determining the 
minimum volume of any given sample of gas necessary to give the first visible 
formation of the precipitate, its carbon dioxide content could be ostunnted 
accurately, smee this volume must have contained just the known detectable 
amount of carbon dioxide ” 

Controls indicated that the method was sensitivo and quantitatii ely reliable 
For a given construction, the minimum detectable quantity of carbon dioxide 
was I X 10“’ grams Thus the Umitmg sensitivity of the method calculates at 
0 05 emm 

Table 1 compares the quantitj of carbon dioxide found m 1 cc of gas with the 
known composition 
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The technique ivas criticised because data on nerve respiration gave values 
considerably higher than those found by others Guttman (8) explained this 
disagreement m terms of a gush of carbon dioxide following injury to nerve (8) (9) 
(10) (11) (12) The order of magmtude of the discrepancy, however, seems to 
mvahdate this explanation It iS difficult to reconcile these facts with the results 
obtamed m control cahbration 

The biometer, then, w'as a relatively sensitive instrument detectmg 0 05 nmm 
of carbon dioxide produced in carbon dioxide free air It achieved a fairlj’- high 
degree of precision When carefully sealed it was stable Thus it was well 
smted to the use to which it was put, the detection of a small total change over a 
relatively long total tune 

The Winkler titration The Winkler titration was adapted to biological exTien- 
mentation as a method for foUowmg changes m concentration of dissolved oxy- 
gen rst used by Winkler (13) (14) in a study of oxygen solubility, the method 
has since been frequently revised and improved Sources of error have been 


TABLE 1 


SAMPLE VOLUME REQUIRED 

TO GIVE piramATE 

WEIGHT 07 COl/a 

Fottod 

: m OkAus X KV* 

Tsien 

dot (j t) 

CC. 



fer ctnS 

1 0 

1 

0 92 . 

8 

0 5 

2 

2 3 

15 

0 55 

1 82 

1 83 

0 5 

1 5 

0 67 

0 62 

8 

2 25 

0 45 

0 45 

0 

Average 

6 3 


pomted out, and modifications of the techmque have been devised to deal with 
them (15) (16) (17) (18) (19) (20) (21) (22) (23) For details one should consult 
the critical reviews of Theriault and of Theriault and McNamee, and of Allee 
and Oestmg (17) (18) (19) 

Lund, having used the method m a study of paramecium respiration (24) 
adapted it to micro-studies, and (25) was able to handle as httle as 5-10 cc of 
solution Thompson and Miller (26) designed apparatus makmg the micro- 
titration more convenient and accurate Using their technique, Snoke (27) 
compared the micro- and macro-Winkler titrations obtammg the results repro- 
duced m table 2 

In 1933, Kaw'aguti (28) developed apparatus makmg possible the titration of 
as httle as 0 1 cc of solution Control experiments yielded the results shoivn 
m table 3 

Though sources of error were not determmed, I^aw aguti suggested that correc- 
tions could probablj^ be worked out so that the method might be apphcable to 
as httle as 0 1 cc of solution wnth accuracy 

Allee and Oestmg (19) have the followmg to say about the macro-method “It 
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has been our experience that with usual contents of oxygen (N B The method 
IB less accurate ivith very low total quantities of oxygen) we can be sure of repeat- 
ability to about 0 03 cc per htro Hyman’s error, as determined by duplicate 
detennmations, was 0 02 cc per htre When the animals being tested consume 
2 00 CO of oxygen per htro the error inherent m the method amounts to from 1 0 
to 2 6 per cent When, however, small differences are recorded the inherent 
percentage of error mounts ” Alice found (29) that a modification, requinng 14 
cc of solution was about as good as the macro method Puttmg these data 
together one can conclude that for the micro method, requumg 14 cc of sample. 


TABLE 2 


tAitnx vtnma 

1 itTiifB.TP oononr 

1 U4cracaetbod, ISO cc. tAraptt 

1 klkTteuLlM<l,4.9cc.BaipU 

Arertn oi i 
detcrmlatlaai 

Hcdomt ilcWitfan ^ 

ArniM of i 
dctgmfcitfamt 

UoxtBom dcvUlkia 


liUr 

■/* P«r lOtr 

iif« ftr ItUr 

ftrliUr 

1 

7 46 

0 07 

7 43 

0 07 

2 

9 93 

0 05 

9 91 

0 04 

3 

9 69 

0 05 

9 M 

0 00 


(From Bnoke — ^Ecology 10 163, 1029 ) 

TABLE a 


TOUOdE or TUT rUTtD 

1 CC.A. 


u 



0 6 

4 $4 

0 06 

0 4 

4 58 

0 05 

0 3 

4 50 

0 03 

0 2 

4 45 

0 00 

0 1 

4 48 

0 08 

3 0 

4 m 

0 GS 

mAoro Winkler on 200 ee 

5 00 

0 01 

aampio 




(FromKawaguU — J Fac Set Imp Uitiv Tokyo (Zool wot ) 3 1S3 1933 ) 


to be good to 1 to 2 6 per cent the total change m oxygon concentration must bo 
about 28 emm or about 2 emm per co IJnwaguti's datum on a 2 cc sample is 
also about 2 per cent off the value determined by the macro-method, but on a 
0 1 cc sample the discrepancy is about 10 per cent 
These data mdicato that the best one can say for the micro-Wmhler titration 
is that it 18 capable of detecting a change of 28 emm or so of oxygen in a 14 co 
sample of fluid with an error of 1 to 2 6 per cent Compared to other methods 
discussed, this is a low sensitivity In addition, the multiple sources of error 
and the long tunc required for an annlysiB make the method unsatisfactory It is 
being and will doubtless contmuo to be, largely replaced by the polarographic 
tcchmque. 
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The indicator method In 1916 Haas (30) developed an indicator method for 
following carbon dioxide production Since the matenal producing CO 2 was to 
be submerged m a solution of an indicator it was essential that the mdicator be 
non-toxic and slowly penetratmg Phenolsulphonephthalem was used By a 
comparator method it was possible to measure hydnon concentration changes as 
small as 1 or 2 X 10~® If the determinations were made m pure distilled water, 
free of carbon dioxide, changes as small as 2 or 3 X KH could be detected The 
method was used by Moore (31) (32) (12) 

Osterhout (33) modified the techmque by circulating the gas, m equihbnum 
with the solution being studied, through a solution of mdicator Osterhout and 
Haas (34), and Osterhout (33) (35), and Osterhout’s students (Gustafson, Irwm, 
etc ) modified and used the method m respiration studies 
Lund (36) combmed the mdicator method with the basic construction of the 
biometer Matenal to be studied was suspended above banum hydroxide con- 
taming phenolsulphonephthalem At given times a known amount of the 
banum hydroxide solution was titrated with HCl and the CO 2 , produced m the 
intervals, deterimned 

Parker suspended tissue over banum hydroxide contammg the mdicator, 
and frequently renewed the absorbmg surface He was able (9) (37) (38) to con- 
finn the findmgs of Tashiro on carbon dioxide production by nerve The sensi- 
tivity of the method was estimated to be about one-tenth that of the biometer 
The error amounted to about 10 per cent 
The biometer constituted a challenge to those mvestigators reqmnng some 
means of foUowmg CO 2 production by submerged tissues The development of 
the mdicator method answered the challenge with a measure of success The 
latter technique was more widely apphcable, simpler to use, and could be used 
for foUowmg rates of gas production, which was a more tedious process with the 
biometer Osterhout and Haas (22) combmed the mdicator method with the 
Winkler titration, makmg possible simultaneous measurement of carbon dioxide 
and oxygen m solution 

More recent methods The optical lever micromanometer The optical 
lever manometer has, for many years, been known to provide a convement 
means of measurmg relatively small pressure changes (39) (40) As a macro- 
mstrument it has been chiefly apphed m physiological experimentation reqmnng 
precise responses to high frequency pressure changes (41) (42) 

The mcorporation of the optical lever mto a micromanometer for biological 
use was first successfully attempted quite recently (43) (44) (45) In 1939 
Heatley, Berenblum and Cham descnbed such an instrument sufficiently sensi- 
tive to measure gas volume changes of 1 cmm per hour 
A paraffin fined chamber of 40 to 80 cmm ground mto a glass plate is so 
-shaped that droplets placed m its several arms mhy be mamtained separate 
A steel ball, coated vnth plastic, is placed m one of the arms With an electro- 
‘ magnet, this ball can be moved and used as a mixer The vessel is constructed 
to allow filling wnth given gas mixtures The plate which closes it cames an 
18 fi thick mica sheet cemented over a central hole On either side of the 
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opening there is another aperture which may be made to comoide with one of 
the arms of the chamber A stream of gas can then be circulated through the 
chamber and the latter subsequently closed by rotatmg the cover 
The reaction matenal and reagents are placed m the vessel and the top is 
closed A bit of lubncant and a bracket seal and immobihie the raica-glass 
jomt The upper surface of the mica carries two small plane minors which 
reSect mcident beams of light to an observation surface As the mica sheet 
becomes depressed or bulges outward, due to absorption or production of gas 
within the chamber, the reflected beams are displaced The applied pressure 
necessary to return the mirrors to their original posibons may be manometncally 
measured, and attendant volume changes calculated 


\miyM " 


Fia 1 ComponentA of respiration chamber a cup b plate ' e mica membrane 
with mirrora attached d complete assembl/ 

(Prom Heatley Berenblum and Chain— Bioohem J S3 53, l&3d ) 

Accuracy has been dotonmned ux several ways The volume of carbon dioxide 
displaced from bicarbonate by a known amount of acid has been measured and 
compared with the calculated value The results are reproduced in table 4 
Precision was also tested by racasunng the amount of oxygen hT>crated from 
hjdrogen peroxide by catalase The known * values were obtained by per 
manganatc titration The results obtained with the microrcspiromcter and 
with the Warburg are reproduced in table 6 In each case approximately 1 cmra 
of gas was evolved m the roiororespirometor 
The optical lever microraanomcter docs not possess the sensitivity of most of 
the other mioromethods mentioned Cumbersome and requiring considerable 
occcssorj equipment, it is chiefly notable for the convoment design of the cups 
allowing it applicability to all the types of problem5f to which the standard War 
burg may bo apphed Precision is about equivalent to that of the Warburg 
technique A number (up to six for the present design) of the rcspiroraetcra 
can bo used at one time (46) Thermobarometne controls afford rclatn cly high 
stability for long time measurements 
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TABLE 4 


VOLTWE COl EVOLVED (cALC. VALUE •• 0^ dOt.) 

Tnioa 

CJTtfTt 

ter ant 

0 83 

-8 

0 85 

-6 5 

0 90 

0 

0 82 

-9 

0 87 

-3 6 

0 84 

-6 6 

0 87 

-3 6 

0 85 

-6 6 

0 90 

0 

0 96 

+6 6 

0 87 

-3 6 

0 89 

-1 

0 88 

-2 

0 89 

-1 

0 92 

+2 

Average 

-2 7 


(From Heatley, Berenblum and Chain — ^Biochem J 83 63, 1639 ) 


TABLE 6 


Volume oxygen per cubic centimeter of hydrogen peroxide 


KZCKOUSFISOlCrTCR 

WARBtmo 

CALCtTLATZD 

204 


202 

208 

1 


198 


216 

200 



78 



77 

78 


77 

81 


77 

81 


80 



81 

77 


74 

77 

84 6 

75 

78 


79 

79 


79 

77 


85 

, 80 

82 6 

79 

81 


82 


i 


(From Heatley, Berenblum and Cham — Bioohem J 38 63 1939 ) 
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The Cariettan diver A considerable 'volume change occurs isothermally in 
systems m which certain chemical reactions take place (40) Taking advantage 
of this fact, LmderstrOm Lang (47) (48) and LmderstrOm Lang and Lani (49) 
(60) adapted the falhng drop method for determiiung specific gra'vitj to studies 
m enzymatic histochemistry The technique was modified from that used by 
Barbour and Hamilton (61) m the estimation of specific gravity, and by Vogt 
and Hamilton (62) and by Fenger Enksen, Krogh and Ussung (63) m tlie catimn 
tion of deuterium oxide 

A floatmg object comes to rest in a fluid oolumn of graded specific gravit> at 
such a point that the specific gramties of the two are equal This fact underhes 
both the gradient tube technique and the cartesian diver method Though the 
gradient tube has been used onlj for the study of volume changes m liqmd svs- 
tems the cartesian diver has been used m microgasometry A few words about 
the gradient tube seem appropriate here 

In a vertical glass tube, at a constant temperature, a practically Imenr specific 
gravity gradient can be produced by properly mixing kerosene and bromo 
benzene A droplet of a watery solution placed beneath the surface of the mix 
ture which has been previously saturated with water at a suitable vapor pres- 
sure, will fall and find on equilibmim position where the specific gravity of 
medium and drop are equal If, however, reactions occur within the drop, 
produemg a volume change, the drop wiU not come to a standstill but will 
contmue to fall or begm to nse at a rate which, under certam conditions, is a 
measure of those processes 

The gradient m the kerosene-biomobenzene col umn is measured by noting 
the poaitions at which teat drops of known density come to rest Drop move- 
ment 18 followed with an ocular micrometer, and specific gravity is ascertamed 
by comparison with the positions of standard drops The drops bemg small and 
on all Bides surrounded by fluid come almost immediatelj to temperature 
cquihbnum 

The accuracy of the density measurements is 1 to 3 m the sixth decimal place 
Smee 0 1 omm drops can be used, this corresponds to a volume change of about 
1 to 3 X 10"’ emm which It is claimed, can be measured wdthm a few per cent 
of error Such a combination of extreme sensitivity and high precision hasbeen 
demonstrated for none of the other techniques mentioned in this review 

First desenbed in terms of its usefulness m biological cxpenmentation by 
LmderstrOm Lang (64), the cartesian diver tcchmque has been extended by 
LmderstrOm Lnng and co-woikers and bj Boell and co-workers (66) (68) (67) 
(68) (69) (00) (01) (02) (03) 

A glass vessel (diver) of some 10 to 30 (occasionallj up to several hundred) 
emm 18 stoppered with an oil droplet free to move in the neck of the vessel 
Submerged in n fluid medium the vessel quickly comes to equihbnum position 
Should the mside pressure change, the od droplet and outside flmd respond by 
moving in the neck, and depending on whether total volume increases or de- 
creases the vessel rises or falls m its external medium The pressure which 
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must be appbed to return the diver to its onginal position can be measured 
and translated mto volume change 

In his ongmal paper Lmderstrom-Lang stated that “any vanation of the quan- 
tity of gas m the diver may be measured with an accuracy of ^qq cmm ” 
(54) Boell, Needham and Rogers set the sensitivity at 0 001 cmm 



Fio 2 

(From Boell, Needham and Rogers — Proc Roy Soc London B 127 322, 1939 ) 

The equihbnum pressure is said to be reproducible withm 1 to 2 mm of water 
(the diver can be made to stay at the mark for ten seconds or so) If a be the 
gas volume of the diver and p the equihbnum pressure, then 

Av _ Ap 

V p 

Smce p and v are of the order of magmtude of 10,000 mm and 10 cmm respec- 
tively, an accuracy of pressure readmg of 1 to 2 mm of water corresponds to 
an accuracy of volume measurement equal to 0 (X)l to 0 002 cmin From this 
one would expect that, were the total volume change only 0 001 to 0 002 cmm , 
the error to be expected to its immediate measurement would be about 50 to 
100 per cent 

Boell, Needham and Rogers studied cystem oxidation and compared diver 
measurements with Warburg results They state that "m the case of cystem 
oxidation rate the average diver results were 106 per cent of the Warburg results, 
in the case of cystem oxidation end values they were 99 per cent, and m the case 
of yeast fermentation 102 per cent” 
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These eamo workers have published a graph relating oxygon uptake by 
cystem oxidation to time Thou^ only approximately, oxygen uptake can be 
tabulated against time as read from the points on this graph If such an 
approach is not too crude one may conclude that, for gas volume changes of an 
average of 0 0020 cmra each reading of such a volume change may, on the 
average, be 70 per cent inaccurate This conclusion would be in approximate 
agreement with the estimate of LindcrstrOm Lang already cited On the other 
hand, when the volume change between readings is of the order of 0 04 emm the 
deviation is considerably less. 

The techmque is thus seen to be quite sanative (to about 0 002 emm ) The 
mcluslon of thermobarometer divers allows an experiment to be continued over 
many hours with a hi^ degree of stability For mmute to mmute measure- 
ments of volume changes of the order of 0 001 emm precision is poor Inter 
polation of such volume changes from larger total changes is very accurate It 
is probable that with a smaller diver than that which is commonly used/ and 
with the exercise of extreme care m setting the diver at the reference mark 
greater accuracy m the immediate estimation of very small volume changes 
could be attamed 

The pohxrograph The studies of Kucera, in 1903 (64), on the electrocapiUarj 
curve of mercury led to the development of the polarograph by Heyrovsky (65) 
and by Heyrovsky and Shikata (00) 

The method depends on the fact that solutes (electrolytes or non-electrolytes) 
are reduced (or oxidised) when a current is passed through their solutions at 
voltages above thdr decomposition potentials The current 6owing at such a 
potential (half wave potential) depends on the rate of diffusion of the solute to 
the electrode, and this rate depends, in turn, upon its concentration Current 
measurements give quantitative data on solute concentration 
In the usual polarographic determination the dropping mercury electrode is 
used For details of the method and for the theory underlying it one should 
consult the woik of Kolthoff and Lingane (67) (68) 

The technique has been apphed to the estimation of oxygen m solution and is 
far superior to the Winkler titration The po^^sibiJity of thus usmg it dates 
back to work of Vitek in 1933 (09) It has since b^ used m a number of 
biological studies (70) (71) (72) (73) (74) 

Objection to usmg the method with living tissue has stemmed chiefly from the 
fear that motalhc mercury m contact with the medmm might poison the mate- 
rial bemg studied In 1940, Kolthoff and Laitinen (76) showed that oxygen 
m solution can be polarographically determined usmg a platmum wire micro- 
electrode m place of the droppmg mercury electrode. Papers of Laitinen and 
Kolthoff (76) (77) published in 1941 should bo consulted for detail 
Davies and Brink (78) described a microrespiroraetcr mcorporatmg the 
platinum microelcctrode, A bnght platinum or platinum indium wire (about 
27 M in diameter) is placed m circuit with n calomel half-cell by way of a gloss 
tube containmg tissue and its medium The platinum electrode is made 0,9 
^X)lt negative with respect to the half-cell, and the current which then flows Is 
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proportional to the oxygen concentration of the fluid A sensitivity to 0 001 
cmm volume change of oxygen was attamed 

The stationary platmum electrode does not come immediately to equihbnum 
with the solution m which it is placed Current mtensit}'^ gradually changes 
for from two to ten mmutes (76) (76) (77) (78) In certam instances this defect 
has been overcome by rotatmg the electrode (75) (77) 

The prospect of even greater sensitivity, great speed of response if the “seek- 
mg” electrode is close enough to the source of changmg oxygen concentration, 
relative indifference to temperature changes, high precision, and convemence 
of operation make this instrument one which will probably have veiy wide 
apphcabihty in microrespirometry The electrode has also been directly m- 
serted mto the tissue bemg studied (78a) 

The capillary microrespirometer The capiUary microrespirometers to be dis- 
cussed are all built, more or less, about the same basic design * Essentially 
there are two chambers, one of which contains the biological matenal, its medium 
and specific reagents for the absorption of certam gases The other contams 
medium and reagents alone The two chambers are connected by capfllary 
tubing carrymg a fluid mdex droplet Gas volume change m the tissue chamber 
creates a pressure difference along the capillary lumen, m response to which 
the mdex drop moves Droplet movement is recorded and timed, and these 
data are translated mto volume change 

First used by Thunberg m 1905 (79) (80) (81), the capillary micromanometer 
was a gas analysis apparatus of the Pettersson tjqie (1) permittmg mtroduction 
of the animal or tissue mto the measurmg pipette Change m volume of en- 
closed air mdicated the difference between oxygen absorbed and carbon dioxide 
produced The air was then passed over potassium hydroxide for carbon dioxide 
absorption Later, Thunberg (82) (83) modified the apparatus usmg equal 
volume respiration and compensation chambers, each about 3 cc , with a capil- 
lary of 0 2 to 0 1 TTiTn diameter This was the first instance of the use of a 
compensation chamber m a respiration apparatus The movement of a petro- 
leum index droplet was observed by the naked eye against a millimeter scale 
An upward convex capillary allowed the mdex to come always to the same 
equihbnum position Modified by Wmterstem (84), the apparatus was used 
m further respiration studies The ratio of compensation to respiration chamber 
volume was umty A volume change of about 1 4 cmm could be measured 
Nothmg was recorded concemmg regulanty of movement of the mdex Durmg 
the next few years the apparatus was used m a number of laboratones (86) (86) 
(87) In 1912-14 Wmterstem (88) (89) (90) agam modified the apparatus by 
mcorporatmg a mercury manometer 

The mdex bemg set at zero the level of the mercury column vas noted When 

' The Barcroft and Warburg manometnc techniques and the variations thereof are not 
being considered in this discussion, because they have been so carefully and exhaustively 
treated by Dixon in his book on Manometnc Methods (Cambridge University Press, 1934) 

A further development v as described by Summerson in the Journal of Biological Chemistry 
xol 131 (1939), p p9 
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a reading was to be taken the droplet was brought to zero position by means of 
a screw clamp This simplified thmgs considerabl} It was not necessary 
to know chamber volumes or capillary diameter to translate to gas volume 
change A somenhat later model than the one descnbcd, allowmg the 
chambers to be filled with any given gas mixture, was used by Wolf (91) 

Ivrogh (92) (93) (94) (96) modified the Barcroft blood gas apparatus, m 1914, 
to serve as a roicromanometer Chambera commumcated by way of a 04 
to 0 6 mm mternal diameter U tube The index was kerosene and the manome- 
ter itself ivas outside the thermostat Only the “reinste Petroleum” was 
used, but nothing was said about regulanty of meniscus movement for small 
pressure changes Krogh stated that the Winterstem apparatus could ' be 
made still more sensitive but (it) is not as well smted to prolonged experiments” 
as his own This comment stems from the fact that the Winterstem apparatus 
incorporated a very short capillary , hardly a scnous difficulty 

In 1920, Adam (90) corobmed Winterstein’s mercury burette with the Ifrogh 
manometer Paraffin od of BJP 160® to 190®C served os mdex* Volume 
changes of 20 emm per hour could be measured with 2 to 3 per cent accuracy 
Baas (97) mtroduced the horizontal microscope for following the mdex. Bodme 
and Orr (98) employed a slightly modified Krogh manometer 

In 1926 Novy, Roehm and Soule (99) made the next unprovoment in this 
type of microrespirometry Up to that tune the ratio between compensation 
and respuation chamber volumes had always been close to umty Novy, how- 
ever, pomted out that ‘‘Sensitivity of the closed end manometer vanes directly 
with tte volume of air m the sealod end and inversely as the square of the radius 
of the manometnc tube” A gam m raicromanometno techmque, this modifica 
tion was not taken advantage of until some years later when Gerard (99a) 
utilized the same pnnciple in the construction of a modified Warburg apparatus 

Fenn (10) devised a oapillaty micromanometer which he himself then found 
to bo (100) ‘‘essentially sunilar to Thunberg’s onginal design” Though 
the pnnaple of large compensation chamber opposed to smaller respiration 
chamber was not mcorporated, the instrument has been used by many investi- 
gators The smallest capillary was about 0^ mm i d Meniscus position was 
read to 0 1 mm with a hand lens so that the smallest appreciable volume change 
was about 0 03 emm In 1936 Fenn wrote a detaded paper on the theory and 
technique of the method (100) 

The differential volumeter was now used by a number of workers (101) (102) 
(103) (104) (105) (100) (107) (108), but none of these descnbcd any attempt to 
improve sensitivity Very small movements of the index were not measured, 
and neither irregularities m the movement of the droplet nor deformity of the 
meniscus became important Consequently no detaded study of index fluid 
was made 

In 1933 Schmitt (109) further developed the capiUary rmcrorcspirometcr to a 
point whore it was sensitive to a 0 0005 emm volume change A large com- 
pensation chamber was not used though both Vessels were of relatively largo 
absolute volume Projeeted experiments made it desirablo to make observa 
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tions on mde\ movements over vei^”^ short penods of time To locate the drop- 
let a travelmg honzontal microscope was used Considerable attention was 
paid to the selection of mde\ flmd After tnals -with dimethyl amlme, butyric 
acid, valenc acid, and others, highly purified kerosene was finally used for the 
majonty of experiments Even so there were occasional diflSculties due to 
residual resms 

It was next found that to get a smoothly moving droplet, over penods of tune 
as short as three mmutes, it became necessary to go to extremes m temperature 
control Finally, with a thermostat accurate to “better than 0 001°C ” a 
smoothly movmg meniscus was observed For 10 mgm of nerve (wet weight) 
readmgs were consistent to 2 to 3 per cent even if made as frequently as every 
two mmutes Such precise thermoregulation was probably necessary because 
of the relatively large chambers used and by their rather wide separation in 
the bath 

Schnutt pointed out that basal dnft of the mdax might be due to shppmg at 
ground joints, or to imequal evaporation of the droplet at its two surfaces 
Jamming the stoppers and wettmg the capillarj' waUs before closmg the bndge 
cock, made it possible to dunimsh eqmlibration tune to half an hour or less 
Capillary diameter was 0 4 to 0 5 mm 

Thus with a 16 mm objective and a 6X ocular, the apparatus was sensitive 
to a volume change of 0 0005 cmm Precision to 2 to 3 per cent with a total 
volume change of about 0 02 cmm was attamed This volumeter has also been 
used by Hill (110) 

A capillary microrespirometer of differept design has been described by 
Stefanelli (111) (112) The chief innovations were a reduction of chamber 
size to 80 cmm , and the mcorporation of a glass wmdow to allow observation 
of tissue The instrument was sensitive to a volume change of 0 003 cmm 

Howland and Bemstem, m 1931 (113), studied the respuation of a smgle 
paramecium by the capillary method It is mterestmg that -with their com- 
paratively crude apparatus they found the oxygen consumption of a single 
Paramecium caudatum to be about 0 0005 cmm per hour, and it was only 
m 1940 that Boell and Woodruff (62) with the cartesian diver techmque, deter- 
mined the value for the Paramecium calkmsi to be 0 00048 cmm per hour 
per orgamsm 

The chief importance of the work of Bemstem and Howland is derived from 
the finding that if one heats capiUanes sufficiently to seal them they require 
many hours to cool This is, of course, also dependent upon the efficiency of 
the thermostat employed and the thickness of the capillary walls The pomt 
IS pertment concermng the earher work of Kalmus who (114) (115) made 
respirometers by dra-wmg tubmg out to capillary dimensions at one end The 
matenal to be studied was sucked m and followed by a drop of paraffin oil The 
end was heat sealed The fine capillary tip was next thrust through the sur- 
face of a 10 per cent KOH solution and then mto paraffiin oil The mterface 
between the alkah and oil was followed with an ocular micrometer This work 
must have been highly unprecise due to the effect of passing the measuring 



inCRORESPUtmON TECHNIQina 


03 


capillary throu^ a fluid surface with its adsorbed contammanta The same 
objection con be raised to the work of Pearce and Gerard (110) 

In 1934 Gerard and Hartlme used both a \cry small respiration chamber 
(about 00 emm -volume) and a very large compensating chamber (117) The 
small respiration chamber greatly mcreasea stability Drop movement irregu 
lanties are due, among other thmgs to temperaturo fluctuations Thermal 
movement of the droplet Is mimmited as \olum 0 is decreased, smee m this case 
volume change is proportional to total volume To prevent drop movements 
due to changes id atmosphenc pressure the manomef er is closed off from the air 
Instead of achieving this by balancing the respiration with an equal volume com 
pensation chamber, these workers enclosed the entire measuring capillary in a 
jacket of rclativelv large volume ^ue sensitivity was not saonfleed forsta 
bilit} , and the achiev ement of the latter was, at the same tunc, simplified Tlie 
ratio of control volume to respiration ebam^r volume being about 1000 1 the 



Fio 3 /jond/i — filter paper* with ftcfd and olL&Ii m — index droplets r— vaseljoe scaJ* 
n— tissue ft— rubber itopper 

(From Gerard and HartUne— J Cell and Comp Ph>‘fiol 4tl41 1934) 

V olume change represented by any given droplet morement was cffccln cl} the 
complotelj undamped volume change (the correction factor being 1/10(X» 
Temperature control was found to bo simplified much beyond the elaborate 
apparatus employed by Schmitt CapiUones of 0 5 to 1 I mm mternol diameter 
w'ere used with a droplet of isotonic NaOH ns mdex Index movement was 
followed by means of a horizontal microscope Volume sensitlntj achieved 
was about 0 0013 cram For minute to minute figures to bo rcproducibie the 
total V olume change had to be about 0 02 cram Reproducibilit} w as therefore 
just os good with this simple technique as with the apparatus of Schmitt 
Since this work the basic design of (he instrument has been used b> a number 
of workers some of whom have modified and adapted it to special problems (118) 
(110) (120) (121) (122) (123) (124) (8) (UG) 

Rocentli sev era! attempts hav c been made to mcorporntc some sort of dev icc 
with the capfllarj micromonometcr so that reagents could be mixed during 
an expenment 

Thimann and Commoner (125), m 1040, made a contribution toward this 
end Using small capillancs (0 2 to 03 mm id) they arranged the apparatus 



64 


JULIAN M T0BU8 


to allow for tlie addition of substrate during an experiment Measunng droplet 
movement to 0 1 mm these authors attained about the same sensitivity as pre- 
vious workers However, readmg the memscus to the nearest 0 1 mm means 
an average error of 10 per cent per mm of movement or 0 006 cmm for a volume 
change of 0 060 cmm Thus for volume changes of 0 006 cmm (which is of 
the order of magmtude of sensitivity of most of the constructions discussed) 
the error would be about 50 per cent, on the average, and for volume changes of 
0 001 cmm it would be about 400 per cent This sort of error could easily be 
obviated by more accurately determinmg meniscus position 

Cunningham and Kirk have made an effort m the same direction (126) Side 
by side, m a brass block, there are placed respiration chambers which, by way 


TABLE 6 


VOLmtE COl LIBESATKD (CAICtlLATED) 

VOLtniE COl UBEIATED (UEASUSID) 

ESKOS 

cnm 

cmm 

ftr cent 

2 60 

2 37 

-7 

2 60 

2 48 

-5 

3 00 

2 72 

-10 

3 16 

3 12 

-3 

2 98 

2 86 

-4 

2 38 

2 46 

3 

2 96 

3 01 

2 

2 96 

3 01 

2 

2 95 

3 01 

2 

2 16 

2 09 

-3 

2 16 

1 99 

-8 

2 16 

2 08 

-4 

3 42 

3 60 

5 

2 16 

2 08 

-4 


Average pier cent error ■=» ±4 6 
Average per cent recovery 98 0 


(From Cunningham and Kirk — J Gen Phymol 24 136, 1940 ) 

of hollow vertical pillars, commumcate with each other through a glass capillary 
Kerosene serves as mdex flmd The authors state that “The symmetncal con- 
struction and the placmg of the chambers inside a metal block insure a uniform 
temperature distnbution, permit the ehmmation of the thermostat, and make 
possible a very high degree of sensitivity ” Droplets are placed on the floor 
and roof of the chamber and are mixed by drawmg a bit of glass covered metal 
from one to the other with an electromagnet 
Liberatmg known amounts of carbon dioxide withm the chamber, the fol- 
lowing cahbration data were obtamed 
Reproducibihty was also tested by measunng paramecium oxygen con- 
sumption 

Table 6 shows the error to be 4 5 per cent when the total volume change is, 
on the average, 2 7 cmm In table 7 the average of the probable errors, 
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reforred to nulUmeter displacement per minute, is 8 per cent 0 / the a\erage dis- 
placement This IS largo considcnng that average displacement per minute is 
08 mm , and readings are made at 10 to 20 minute Interi als The chief reason 
for this lack of precision probably stems from the fact that the capillary is 
exposed to air currents and the gas maj well be at different temperatures on 
the two sides of the mdex. Even in a constant temperature bath Schmitt found 
that temperature pockets could cause senous trouble (109) 


TABLE 7 


cxnuMDrr inTtcm 

t 

TuiLfmmi 

oorrow ccomwjTtow 

mm. dlif)UcttMat pet mlaitc 

tmm Ot tt N TJ*^r 

1 

1 

0 so* 



3 

0 26 0 26 db 0 04 

0 60 ± 0 10 


3 

0 25 



4 

0 23 


3 

1 

0 32* 0 33 ± 0 03 

0 S5 db 0 05 


2 1 

0 36 


3 1 

1 

0 20t 



3 

0 22 0 21 rt 0 01 

0 64 ± 0 02 


3 

0 22 


4 

1 

0 30* 0 20 ± 0 01 

0 74 ± 0 02 


2 

0 28 


6 

1 

0 14* 0 24 d: 0 01 

0 36 ± 0 02 


3 

0 16 


6 

1 

0 lot 0 09 sb 0 01 

0 33 di 0 02 


2 

0 03 


7 

1 

0 63* 



2 

0 61 0 63 d: 0 05 

1 36 d: 0 13 


3 

0 68 



4 

0 50 

1 


• Measurementi mAde ftt 10 mlnut« InUmralB 
t Meutirvinenti made at 20 minute iotorvali 
(From Cunningham and Kirk — J Gen Phyiiol 84: 135 1&40,) 


On the other hand the apparatus has these advantages the sensitivity can 
be readily altered b> substituting capiilanes of varying mscs, chamber volume 
can bo readily altered, advantageously placed outlets allow for filling the cham 
hers with vanous gas mixtures, two solutions may be mixed during an expen 
ment In a more recent paper Barth and Kirk have described a modification 
of this method (126a) in the direction of considerable Improvement ’ 

In 1041 Tyler and Berg (127) described a somewhat different capDlarj raicro- 
respirometer A mercury piston was introduced to permit returning the index 
•Footnote Appear* on pa^ 75 at end of llafercnees 








66 


JULIAN M TOBIAS 


drop to its zero position for each reading This device allows estimation of 
volume change from measurement of the amount of mercury introduced It 
wll be recalled that Winterstem, in 1912 (88) (89), and Duryee, m 1936 (119), 
desenbed similar mstruments 

It IS stated by Tyler and Berg that their readings are not affected by overall 
temperature changes, but that it is essential to avoid temperature difference on 
the two sides of the drop Since this latter is far more difficult to achieve than 
18 a constant overall temperature the net advantage is shght (109) The instru- 
ment has the advantages that tissue being studied can (pe seen dunng an expen- 
ment (see also Stefanelh (111)) and substrate or other reagent can be added to 
the metabohzmg material The authors predict an error of 10 per cent foi a 
volume change of 0 003 emm , but state that this precision has not been attamed 
Expenence indicates that such accuracy can be achieved with care in the selec- 
tion of index drop ffuid (109) (128) 

FoUowmg the use of the katharometer by Shakespear (129) and by Shakespear 
and Daynes (130), Daynes (131) detailed the mathematical theory of the instru- 
ment Slater (132) combined the katharometer with the capillary micro- 
respirometer Oxygen consumption was measured volumetrically and carbon 
dioxide production katharometncally The mstrument could be used to meas- 
ure an oxygen volume change of 1 emm and a carbon dioxide volume change of 
0 5 emm The technique has not been applied further m biology except in the 
macrometabohsm studies of Ledig and Lyman (133) and Rabmowitch and 
Bozin (134) 

Fenn (10) combined a conductivity cell with the differential volumeter 
Desenbed in detail by Fenn (10) (100) and bnefly discussed by von Ledebur 
(135) this method has received but little attention 

Tobias and Gerard (128) further developed the capillary respirometer so that 
it IS now convenient to follow the respiration of as many as ten or more tissue 
samples at once This number can easily be expanded if necessary Gas 
volume changes of the Older of 0 0005 to 0 001 emm per mmute can be followed 
at mmute to minute mtenmls with mdmdual readings varymg from the mean 
by an average of 8 per cent Over total times of five to ten mmutes the inter- 
polated mmute values have a higher precision, probably about 2 per cent 

Each respirometer consists of a 90 mm length of 0 2 mm capillary tubmg 
sealed, with de Khotmsky cement, mto a 30 to 40 mm length of 1 2 to 1 5 mm 
thin walldd tubmg The latter segment serves as tissue and reagent chamber 
The smaller capillary cames the index drop After insertmg tissue and absorb- 
ing reagents the open end of the chamber is sealed with plasticine A number of 
units IS mounted around a central heavy walled capillary extendmg from a glass 
stopper The stopper is placed m its sheath, and the whole, submerged m a 
water bath, is supported m such a fashion that it can be rotated about its central 
axis Thus, successive capillaries and their indices can be brought into the 
field of a horizontal microscope 

The utihzation of a very small respiration chamber (30 to 50 emm ) opposed 
to a large outer chamber and enclosed therem affords great stability The chief 
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advantages of the technique arc this stalnhtj, high precision for \en small 
volume changes, and the convenient miiUipIc tiilxi arrangement Tlio chief 
disadvantages stem from the fact that the capillaries are \crj fragde, and thus 
must bo measured for each cxpennient and discaixled This is far too time 
consuming Up to this point also it had not iieen possible to add substrate to 
the tissue during an experiment nor to observe the tissue 
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In order to overcome these daiadvantages the mstnimont has been modified 
Permanent, heavv vailed capillarj units, expanded at one end to accommodate 
tissue and absorbing reagents, replace the fine capdlanes A small ground gloss 
cap instead of plasticine closes the chamber The units arc mounted m a vorti 
cal lianlc inside a brass-gloss box Brass clips into vhich the resplromctors fit 
are rotatable from the outside of the box bj mcaas of a metal arm connected 
thereto bv a packed joint Smcc the tissue being studied chngs to the roof of 
the expanded end of the unit, a droplet of substrate to bo added mn> be placed 
on tho floor along villi a small lend shot coated vnth celloidin and paraffin 
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Rotation of a single capillarj’- at any time then causes the mixing ball to drag 
the reagent around to the tissue Greasing of the cap-respiiometer joint makes 
it transparent and thus allows visual observation of the tissue being studied 
In 1942 Scholander descnbed (138a, 138b) a volumetnc respirometer sensitive 
to about 0 01 cmm per hour It embodies pnnciples similar to those utilized 
by Durj'^ee and by Tyler and Berg 

Miscellaneous techniques From time to tune nucromethods have been de- 
veloped for gas analyses based on the prmciples of selective absorption of gases 
by specific reagents (136) (137) (138) (139) (140) (141) (142) Perhaps the 
most noteworthy applications to biological problems were those of Krogh who, 
foUowmg the lead of Timinazeff (143), developed the tonometnc method (94) 
(144) (146) to a high degree of sensitivity and precision (146) (147) 

The technique used by Hill (148) m a study of rubber permeability has not 
been otherwise apphed It mvolved the detection of oxygen by lummous bac- 
teria which can be seen to glow when oxygen partial pressure is as low as 0 0053 
mm Hg Other such data on minimal reqmred oxygen concentration have been 
obtamed (149) (150) 

Dublm, Boothby, Brown and Wilhams (150 analyzed mixtures of He, Oj 
and Na by detenmnmg sound velocity in the mixture The method has no 
quahtative value No effort has been made to adapt it to micro-studies, and 
it IS unlikely that such adaptation iviU ever be made because of limited sen- 
sitivity 

McAhster (152) developed a spectrophotometnc techmque for the study of 
plant respiration and photosynthesis (153) (154) In 1939 Pfund (156) modi- 
fied the method by the mtroduction of a phomc interrupter wheel and pitch 
detector Simple calculations show that an adaptation of the method to micro 
levels, of the order discussed m this paper, would mvolve very senous techmcal 
difficulties No effort has been made at such an adaptation 
Interferometry has been apphed to problems m metabolism (156) (157) (168) 
The great cost of the apparatus and its relative complexity have overshadowed 
the assets of great precision, speed and sensitivity 

Utdizmg the mterferometer pnnciple (169) a sensitive mdicator of pressure 
change has recently been developed by the author To the surface of a micro- 
scope slide there is fastened, with shellac, a cover slip (about 0 1 mm thick) 
through which has been dnlled a hole (convement size for prelimmary expen- 
ments has been about 2 mm diam ) Over the hole a thm orgamc film is 
spread and is held m place by another, smularly dnlled, cover slip and shellac 
Multiple reflections of monochromatic hght in the gap between the cover shp 
and the microscope shde produce circular, concentnc mterference fnnges As 
pressure change causes the membrane to be displaced with respect to the fixed 
shde the fnnges are seen to shift Because of the extreme thmness of the film 
the instrument is very sensitive (Neither the film nor the shde need be silvered 
or alummized Reflectivity is high enough to produce bnght, clear fnnges ) 
The instrument responds to pressure changes of the order of 0 05 mm water 
(about 0 004 mm Hg) 
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Summary of stntilvnltes Recently several authors (67) (160) have published 
lists of so-called sensitivities for the various microgasometno methods These 
have expressed sensitivities m terms of cubic miUimeter volume change measured 
by a given shift of meniscus position, in the case of the manometnc methods 
Such lists assign different sensitivities to different constructions of capiUarj 
respirometere incorporatmg capiUanes of different dimensions and utihnng dif- 
ferent methods for reading meniscus position Obviously these distmctions are 
arbitrary 

Table 8 gives the lumts to ■which the sensitivities of the vanous genera of 
apparatus have so far been pushed Several of them are capable of de\ elopment 
to considerably greater sensitivity Errors estimated arc those which might 
reasonably be expected were the indicated volume change measured only once 
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CO, 

X l(t* emm ■ 


6% 

Winkler titration 

Diaaolved 0, 

23 emm 
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Indicator 

Disaotvcd CO, 

6 X 10"* emm 


10% 

Optical lever 

<X)i Ot eto 

1 emm /hour 


2-3% 

Gradient tube 

Volornc change 
in liquid ays 
tema 

3 X 10~’ emm 


A few % 

j 

Cartnaian direr 

CO, Ot etc 

1-2 X 10** emm 

6 X 10^ emm 

1-2X 10-*cmm 

«0-100% 
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AfCTf % 

Polaro graph 
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1 X 10"* ffmni 
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hlicrocapnUry 

COi Oi etc 

6 X 10"* emm 

6 X 10"* emm 

8% 
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RtaeUons suilahlcfoT the caltbratum of vanous mtaroresprromsicrs Numerous 
reactions, proceeding at a known rate, have been utilked for the cahbralion of 
micromanometnc sjretems of vanous sorts Some of these, such as the libera 
tion of carbon dio'ddo from bicarbonate by excess of acid, and the fermentative 
processes need no additional mention Some other suitable reactions arc noted 
belo^s with references Not all have been used for the purpose indicated 

Oxidation of c\ftU{n* 

HftmBOQ Blochetn J 18 1009, 1924 

Boell Needham and Rogera Proc Roy 8oc London (B) 1S7 322 1039 
Kharnach Legault Wilder and Gerard J Biol Cbem lU 637,1938 

DtxonpottUon of oxaJoaceUc aaid 

0»tem HoppeSeylcr aZtachr 218 100 1933 
Boell Needham and Rogera u above 
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Decoinposilion of acetoaceltc acid 
Ostem, os above 

Boell, Needham and Rogers, as above 

Ljunggren Ber d deutsch Chem Gesell 66 2469, 1923 

Ljunggren Biochem Ztschr 146 422, 1924 

von Euler u Olander Ztschr anorg Chem 147 296, 1925 

Burla und Schaaf Helv Chim Acta 4 418, 1921 

Widmark Acta med Scand 63 393, 1920 

Decompostiton of alpha-alpha dimethylaceloacetic acid 
Pedersen J Am Chem Soc 61 2098, 1929 

Decomposition of mtramide 

Bronsted und Pedersen Ztschr physik Chem 108 185, 1924 

Decomposition of nitroso-tnacetone-amine 

Bronsted and ICing J Am Chem Soc 47 2623, 1925 
Francis and Gliddens J Chem Soc 101 2358,1912 
Francis and Geake J Chem Soc 103 1722, 1913 
Francis, Geake and Roche J Chem Soc 107 1651,1916 

Peroxide decomposition by catalase 

Heatley, Berenblum and Cham Biochem J 33 63, 1939 

Cathodal reduction of oxygen 

Davies and Bnnk Proc Am Physiol Soc 69, 1941 

Estimation of amount of metabolizing material Since, for purposes of com- 
panson, it is necessary to refer respiration intensity to the amount of respmng 
material present, the accurate estimation of the latter becomes an important 
factor m determinmg the significance of such data The problem is equally 
difficult m macro and micro studies from the pomt of view of partitioning 
respiration intensity amongst the vanous cellular constituents present in a bit 
of tissue As tissue homogeneity mcreases, this matter becomes progressively 
less troublesome In micro-studies there is the more primitive problem of simply 
determimng the total amount of matenal present 

The commonest method for getting at the amount of respmng material 
mvolves the determination of dry weight The ordinary Kuhlman micro- 
balance can be used for dry weights of 80 pg or more (44) With smaller amounts 
of tissue senous error can be mtroduced For weights of less than 80 yg the 
Donau microbalance (44) (161) is recommended Torsion balances sensitive 
to 0 002 mgm are commercially available For weights of the order of 0 0001 
mgm the quartz fiber balance should be used In 1941 Lmvry desenbed such 
a balance with a sensitivity of about 0 03 y, and with reproducibihty of 0 1 7 
The mavimum load capacity was about 250 7 A modified tjqie of quartz 
fiber balance has also<been described by Bazzom (169) (170) 

Total mtrogen determmation can be done accurately on small amounts of 
tissue, and nitrogen content can be used as the standard of reference Like the 
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measurement of dry weight, this method does not differentiate between respinng 
and non rcspirmg matorml Referring respiration mtensitj to dry weight maj 
also give a false picture of the actual situation since various organs and tissues 
and parts of organs have quite different water contents 

Nudeio acid determination may be used to differentiate cellular from non 
cellular material (44) After suitable extractions nucleic add phosphorus may 
be determined by the method of Berenblum and Cham (162) 

Recently Caspersson (103) has devdoped an ultraviolet absorption method 
for the determination of nucleic acid compounds which have a charactenstio 
absorption curve in the ultra\nolet spectrum The curve can be gotten on 
microscopic sections or smears Its shape identiBes the compound, and the 
hei^t of the curve can be used as a measure of the amount present m the fidd 
measured This method has not, to date, been used m conjunction with respira 
tion studies, though it has been used to follow the mtracdlular metabolism of 
nucleic add (164) 

Cell counts are, of course, ideally suited to the study of cell suspensions 
Recently the use of counting teduuques has received a certain impetus m the 
study of eohd masses of tissue aiso Ghok, Holter, Lmderstrflm Lang and Seberg 
Ohlsen (166) devdoped a cell counting techmque m connection with studies on 
eniymatic histochemistry The method consists of cuttmg froren sections from 
a core of tissue usmg alternate sections for histological and ensjme analysis 
The authors point out that countmg nudei is much preferable to countmg cell 
outhnes It may be noted that when nudeoU are present as single and constant 
structures they would afford a still better mdex of number of cells (166) (167) 
For muscle, Grossman (168) has found that maceration m 6 per cent citric 
acid causes extrusion of nuclei These might then be taken up, homogenised 
by shaking and counted m a hemocj'tometer chamber Recently Pearce and 
Gerard (116) have macerated tissue by gnndmg with a small glass pestle m con 
centrnted acetic aad After maceration the tissue is stained, shaken m a blood 
pipette, and nuclei are counted in a hemocytometer chamber 
The measurement of tissue volume has also been attempted (128) Tissue 
18 forced into a capdiary of known diameter and the length of the ojlmder it 
occupies is then measured directly Adequate data for evaluation are not yet 
available 

The improvement m nuorogasometno techniques has gone far enough so that 
use of bits of tissue sufficiently small to allow direct countmg of all cells present 
IS feasible (160) Thus, in contrast to the work of Ghck et al , cell counts can 
be made directly on the sample which has been studied motabohcallj This 
would also allow for measurements of cell and nuclear dimensions Such work 
is, at present, m progress m this laboratory 
In conclusion, it is important to emphasise that none of these methods 
affords a basis for the apportionment of total respiration intensity amongst 
the various cell tjjies present m a given piece of tissue The importance of 
knowing somethmg of this distribution is great and the problem presents a 
very real challenge to workers m the field 
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A better understanding of the physiological effects of vitamins m plants and 
in animals is a goal toward which a number of different hnes of investigation 
are now bemg directed Some msight has been gained concemmg the mode of 
action of several of these substances m animals but comparatively httle is known 
of their functions in plants It has been demonstrated that several members of 
the vitamm B complex participate m respiratory processes and because of its 
reducing action, it has been suggested that ascorbic acid also is concerned m 
respiration There is as yet, however, no considerable amount of evidence 
clearly mdicatmg such a relationship m mtact tissues Ascorbic acid is known 
to be mvolved m the synthesis of collagen and reticulm, carbohydrate-contaimng 
sclero-proteins found in bones and connective tissue and m smaller amounts m 
other animal tissues These frame-work proteins all presumably contam small 
amounts of carbohydrates and function m animals m much the same way as 
do the anhydndes of hexoses and pentoses in the cellulose, hgmn, pentosans, 
etc , in plants It has not been discovered whether ascorbic acid is concerned 
pnmanly m the activities occumng withm cells or m the synthesis of essential 
substances outside of cell boundaries An impressive amount of evidence has 
been accumulated which suggests that it is concerned in some way with deter- 
mimng the retention and absorption of water Whatever its mode of action 
may be, there is considerable evidence that calcium is mvolved m its functionmg 

The followmg review of hterature and discussion represent an endeavor to 
correlate some of the known but hitherto widely scattered facts concemmg the 
physiological mterrelations of ascorbic acid and calcium m animals and plants 
and to pomt out suggestive similanties m their action m the two groups of 
orgamsms The subject is discussed under the followmg topics 
I Relation of calcium to the boundary structure of cells 

II Ascorbic acid m relation to cytoplasm and cell surfaces, cell walls, and 
intercellular substances 

III Some aspects of the chemical nature of the cell wall and mtercellular 
substances 

IV Loss of ascorbic acid m metabohc processes 

V Similanty of some ph3^ological effects of ascorbic acid and calcium 

I Relation of calcium to the boundary structure op cells 1 In 
animals The protoplasmic cell surface or plasma membrane is generally 
considered to be a delicate but essential structure, not many molecules m thick- 
ness and contammg hpid, probably associated with protem, as a major com- 
ponent Microscopic studies have revealed the existence of a readily visible 

76 



INTiaiaELATIONS OF CAICIDM AND ASCOEBIC ACID 


77 


cortical layer of cytoplasm, the behavior of which has been shown by Heilbrunn 
and co-workera (68) to be largely controlled by calcium (see also Just (67)) 
These mvestigators obeerved that calcium ions ha\e a stiffening effect upon 
the ectoplasm of amoeba but cause a decrease in viscosity of the endoplasm 
It has also been found that calcium m the surrounding medium is not essential 
for the formation and maintenance of the surface layer Chambers (23, 24) 
reported that Arbama eggs immersed in a murture of sodium and potassium 
chloride m proportions of 19 1, m the concentrations found m sea water, and 
at a pH of 7 0 will divide for many generations, the blastomeres separatmg as 
mdividual cells because of lack of Intercellular cement material He concluded 
that an addition of surface material from the underlying cytoplasm must occur 
If the surface layer is mjured at some pomt, the cytoplasm flows out and dis- 
mtegrabon of the surface layer spreads out over the entire cell However, 
repair of an mjury, which exposes the mternal cytoplasm, is impossible m the 
absence of calcium because of mabihty of the protoplasm to form a new mterface 
In the presence of a low concentration of calcium, partial coagulation around 
the pomt of mjury occurs and a new protoplasmic surface layer develops at the 
boundary between the healthy cytoplasm and the coagulating surface The 
latter is supposed to afford a sohd substrate against which surface substances 
may accumulate The repair of the protoplasnuo surface thus depends upon a 
previous formation of an extraneous coat. 

As cells become older the surface may become modified by secrebons of various 
types such as mmeral matter m the fonnabon of bone Such surface coatings 
are not essential to smgle cells but they are necessary for mulbcellular orgamsms 
This is true, for example, of the hyaline layer m developmg eggs, a matenal 
which Kopac (73) considered to funebon as an Intercellular cement Previous 
obeervabons by Galtsoff (40) and Gray (47) had suggested that the surface 
layer of isolated ceUs is homologous to the mtercellular cement of mulbcellular 
organisms Intercellular substances form the foundabon of all fibrous structures 
such as the bone matrix, cartilage, dentm, the vascular endothelium, and of all 
non.epithelial cement substances In some tissues such as cartilage and oon- 
neebve tissue the volume of intercellular substances may be very large in com 
panson to that of the cell itself In the absence of calcium the mtercellular 
cement breaks down to a soluble substance, therebj becoming dispersed m tho 
medium Many mvestigators haie contributed to our knowledge of calcium 
as a stabiliser of this structure m animal tissues (117, 118, 119, 69, 79, 47, 67, 
68, 98, 26, 23, 73, 162) 

Zweifach (162) found that the permeabihtj of the capiUanes is determmed 
almost entirely by the nature of the cement, and apparently also m part by an 
adsorbed layer of protein, rather than by the cells themseli es Ho observed 
that lack of calcium m the perfusion fluid weakens the cement substances be- 
tween the endothelial cells with the result that extravasation of both fluids and 
blood cells occurs When the circulating flmd is changed to one containing 
calcium the cement substance is re formed and tho normal pcrmeabihty is id 
established Zweifach suggests that a similar cement probably exists m other 
epithelial membranes such as periosteum, kidney tubules and epithehum 



78 


MART ELIZABETH REID 


There is comparatively httle known concermng the ratio of calcium m the 
mtenor of the cell to that m surface membranes and surroundmg flmds Scott 
(130) found that practically all of the calcium m the nerve fibers is located in 
the nerve sheath He concludes that smce only a small portion of the sheath 
contains aqueous channels, the local concentration may be ten to twenty times 
that which would be expected if the calcium w'ere unif ormly distributed in the 
nerve fiber The distribution of calcium between the cells and extracellular 
flmds of skeletal muscles and hver m dogs was studied by Eichelberger, McLean 
and Catterall (32) They apphed accepted methods for calculating the dis- 
tribution of sodium and potassium to similar calculations for the distribution of 
calcium and magnesium Their results indicate that the concentration of 
calcium m the cells is 80 per cent lower than that in the extracellular flmd They 
considered the possibihty that all the calcium in the tissues may be extracellular 
and concluded that unless some of it is actually withm the cells, a part of it 
must be m a umomzed combmation with some extracellular substance other 
than the protem of the extracellular flmd, possibly the connective tissue fibers 
They did not suggest, however, the possibihty of a linkage of a portion of the 
calcium with a constituent of an intercellular cement substance to form an 
unreadily soluble compound 

There is considerable evidence which shows that the stabihty of mtercellular 
substances is attamed only when bases in addition to calcium are present m the 
surroundmg medium (99) The generally accepted view is that magnesium, 
potassium and sodium all enter mto the final eqmhbnum m the animal cell 
and that one cannot completely compensate for the absence of another (47, 48) 

2 In plants The plasma membrane of the plant cell as m the animal is 
supported by a “gel” layer of cytoplasm (126) but there is still insufficient 
evidence to support the assumption that calcium is essential to its formation 
Comparatively small amounts of substances are found between the cells in 
plants The relationship of the nuddle lamella to the surroimdmg cells is clearly 
shown and it is distmctly a double layer deposited by the two adjommg cell 
surfaces (1) In a limited sense the wall of the plant cell, especially its outer 
older portion, is comparable to the mtercellular substances m ammal tissues 
By special stainmg it can, m fact, be shown that at least m some types of tissues, 
the intercellular matenal between adjommg cells is, hke the middle lamella in 
plant tissues, really a double layer 

Reed (109) found that nuclear division occurs m spirogyra m the absence of 
calcium but cell di-vusion often is not completed, because of lack of formation 
of the middle lamella, which is known to consist chiefly' of calcium pectate (105, 
90, 91, 52, and others) True and co-workers (140, 141) have made important 
contributions to our knowledge of the r61e of calcium m cell walls Eckerson, 
workmg m co-operation with these investigators, employed nucrochemical 
methods (141) m a study of seedhngs grown in solutions of potassium salts 
similar to those from w'hich True and Bartlett (142) had previously found a 
leaching of ions She observed “(1) that ions readily entered the cells of the 
roots, (2) that within twenty-four hours calcium ions began to diffuse out of the 
calcium pectate of the middle lamella, (3) potassium pectate was formed instead 
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of the cttlciura salt and this substance being readilj soluble in water soon dis 
soKed, (4) at this stage, sugare amino acids and salts, chiofi> magnesium, 
diffused rapidl> out of the roots ** In similar tests with magnesium solutions 
it ims found that magnesium pectate replaced calcium pectate in the cell walls 
Thc^ studies showed that the action of potassium and magnesium m the sur- 
rounding solution upon the calcium pectate of the middle lamolla not onlj 
changed the character of the ^\'all but also altered greatly the permeabiUty of 
the protoplasmic membrane next to it That calcium is necessary also for the 
normal development and functiomng of the c>dopla3m is recogmted (141 130, 
11) It snould be emphasised, howe\er, that the evidence presented above 
indicates clcarlj that calaura has a function in the nutrient medium aside from 
its uses within the cells 

In conclusion, it may be stSfed that calcium functions m the extraneous coats 
of cells m both plant and amraal organisms In its absence, these co\ enngs are 
dissolved, the constituent substances becommg dispersed m the surroundmg 
medium There is considerable evndence also which mdlcates that calcium is 
essential for the production and maintenance of the cytoplasm It increases 
the visctsity of the cytoplasm in the cortical region and decreases that in the 
Interior of the cell 

II Ascorbic acid in relation to cytoplasm and cell surfaces, cell 
WALLS Ahm INTERCELLULAR SUBSTANCES 1 In ammols One group of m 
vestigators hold that ascorbic acid is essential for the production of the inter 
cellular matrix, a structure consisting of collagen or a related substance as a 
basic constituent whereas another group maintains that* its pnmar} Inffuenco 
13 upon the functionmg of cells The former group (3, 161, and others) claim 
that if ascorbic acid la unavailable a bquid product which lacks the ability to 
gel IS formed m the mtercellular areas In a study of scorbutic tissues Wolbach 
(160) observed vaouolation of the fibroblasts, usuallj at tbeir extremities, and 
held that the Intercellular liquid v erj probably has its source m the cytoplasmic 
vacuoles He thought that the vacuoles ma> be considered as evidence of 
degeneration (cytoplasmic presumably) or the consequence of secretion of an 
abnormal product Ho accepted the latter interpretation Dalldorf (30) who 
also holds this vucw describes the action of ascorbic acid as follonR 

Under cortain conditions tbe type cell the fibroblast lies in an amorphous ground sub- 
stance within which fibnls (reticulum) ore formed which may in turn becomo gathored into 
wnvy bands of coUagon In this transformation the fibrils seem to become cemented 
together by a translucent matrix the formation suggesting a colloid phenomenon the 
sotting of a gel It is preclsol> this phase of the formation of intercellular materials wliich 
roa> be completely controlled bj vitamin C Thus in guinea pigs which hove been depleted 
of vitamin C the ground substance and fibroblasts are presont as In health but fibrils or 
collagen arc not formed ^Vhen the deficiency is aatisfled translucent bundles or masses 
of collagenous materials reappear within eighteen hours The formation of intercellular 
matcnal of bone (osteoid tissue) and of teeth (dentin) may be aimllarb controlled bj with 
holding or supplying nUmin C 

IlOjcr (64) advanced the hj'pothcsis that v itamm C (ascorbic ncid) is necessary 
for the proper functioning of cells in general and for spccialirod cells m particular 
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Fish and Harris (38) and Ham and Elliott (50) also accepted the view that 
vitamin C ls somehow concerned m the metabolic processes of cells The 
latter investigators held the evidence for the gelation theory to be entirely 
madequate MacLean, Sheppard and McHenry (84) also obtamed no evidence 
m support of the gelation theory They showed that ascorbic acid deficiency 
causes a failure m those special cells which are concerned m the formation of 
calcific tissue, as m bones and teeth and the mtercellular cement Morphological 
changes m the blood vessel walls have not been observed m ascorbic acid- 
deficient animals but presumably the intercellular cement breaks down as it 
does in the absence of calcium Meyer (96) presented histological evidence of 
effects of lack of ascorbic acid upon the structure of the cells themselves He 
observed a widely distnbuted depletion and destruction of the c3rtoplasm and 
cell membranes in guinea pigs kept on a scurvy-producmg diet Vacuolation 
was common m many organs Most of the other workers m this field have not 
observed a degeneratmg condition of the cytoplasm and cell membranes but its 
occurrence should not be surpnsmg m a disease which, m severe form, causes 
such general tissue breakdown The lack of agreement as to the range of tissues 
which may show histological defects m scurvy is probably m part a consequence 
of differences m the seventy of the disease m the ammals exanuned 

In recovery from scorbutus, the collagen deposit is said by Wolbach (150) 
to be restncted to the near vicmity of the fibroblasts, the fibrils tendmg to 
follow the cell outhnes He descnbed the first matenal with the stammg 
properties of collagen as homogeneous, resembhng hghtly-stamed amyloid and 
closely apphed to the cytoplasm of the cell itself and m some mstances to fibnls 
extendmg beyond the apparent outhnes of the cells He noted that it was also 
present about cells when no fibnls were observed Hansen (51) and Mall 
(87, 88) held that collagen fibnls onginate as a direct modification of the surface 
cytoplasm of the fibroblast and its processes Lewis (77) presented evidence 
supporting this view She observed fibnls m an early stage as shghtly more 
refractive lines within the cytoplasm of the cell which later formed slender fibers 
grouped m bundles outside of the cell Other mvestigators (6, 7, 8, 54) have 
descnbed collagen fibnls as fo rmin g m collagen independently of the immediate 
proxmuty of cells It is possible that certam phases of collagen synthesis occur 
withm the boundary of the cell but that completion of the product is mter- 
cellular Hence, although histological evidence may suggest that the action 
of ascorbic acid is pnmanly mtercellular, to designate it as such without regard 
to the less readily observable mtracellular phases seems unjustifiable 

If ascorbic acid really is concerned m extra-cellular processes its concentration 
at cell surfaces might be expected There is some evidence from cytological 
studies, which, though mconclusive, because the reaction employed is not specific 
for ascorbic acid, nevertheless shows that a silver nitrate-reducing substance is 
present in the cytoplasm and mtercellular spaces (20, 21, 147) Bourne called 
attention to the possibihty that different hpoids may be concerned at tunes with 
the silver reaction in the adrenals 

Evidence of an effect of ascorbic acid upon surface activity of colloidal solu- 
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tioDS ifl shown in work reported by Keller and Ktlnxel (69), "surface activity” 
being understood as the force which causes dropping fluids to assume a sphencal 
form, the smaller the drops the higher the actiidtj All substances which alter 
the surface tension of a solution medium, such as water, are said to be surface 
active The mvestigators found that solutions of thiamine (vitamin Bi), 
riboflavin (vitamin Bi) and ascorbic aad do not show surface activity m them 
selves, but that under certam conditions they can influence this type of behanor 
In lecithm-cholesterol mixtures The greatest activity was observed in the 
higher dilutions and also under the closest approach to physiological conditions 
with respect to pH It was pomted out that the physical effects of vitamins 
may be very important and that their mode of operation cannot beexplamed 
by chemical structure and affimty alone 

2 Inplania Reid (112) made a study of some of the physical and chemical 
changes occurring m the growmg region of the pnmary root of cowpea seodhngs 
The foUowmg regions were exammed embryomc, intermediate to embryomc 
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and elongation, elongation, mteimediate to elongation and maturation, and 
maturation Continuous increases in volume, water, dry matter, mtrogcn, 
and phosphorus per cell occurred dunng the transition from the embryonic to 
the mature condition The results of these studies (112, 113) expressed in 
terms of relative lalues per cell (the average value for a cell in the embr) omc 
region being taken as 1) arc suramamed in table 1 

It may bo observed that the mcrease m surface of expanding cells parallels 
the increase in ascorbic acid and that surface area mcrease is the onlj one of 
the various factors studied which shows a parallel relationship with increase in 
ascorbic acid Phosphorus gained relatively as rapidly as mtrogen and possiblj 
slightlj more rapidly dunng the time of most activ e expansion and it was sug 
gested that an accumulation of a phospholipm such as lecithin or a closelj related 
compound maj bo involved in this increase Bessey, Menten and lung (18) 
reported a close relationship between ascorbic acid and complex hpids m ammal 
tissues In a study of the (hstnbuUon of ascorbic acid in ammal tissues. Bourne 
(21) pomted out that cells with a high concentration of substances such as 
lipochromo pigments, lipoids and fats, cholesterol and its esters contam large 
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quantities of ascorbic acid The increase m phosphorus dunng the embryonic 
and early growth phases of the root cells above mentioned and the decrease 
dunng maturation are presumably related chiefly to changes m the content of 
nucleoprotems and nucleic acids The relatively high content of ascorbic acid 
per umt of dry matter m the region of expansion was an outstandmg feature of 
the observations The dry substance m the region of elongation contained 60 
per cent more ascorbic acid than that of the embryomc region where nuclear 
activity IS high and 30 per cent more than the region of maturation where 
cellulose accumulation appears to be the dommant activity The data suggest 
that the mcrease m ascorbic acid is associated with an mcrease m the cytoplasm 
or some of its constituents 

Further mvestigations of similar nature with other types of plants are neces- 
sary before drawmg conclusions as to the sigmficance of the results cited above 
The quantitative relations with surface area here found do suggest, however, 
that ascorbic acid may tend to be concentrated at and near cell surfaces m 
metabohcally active cells and that it may consequently have important functions 
m connection with cell expansion, development of the wall, and absorptive and 
secretory processes A discussion of suggested relations of ascorbic acid to 
these activities will be presented m section V Additional support for the 
hypothesis that ascorbic acid functions at cell surfaces is afforded by evidence 
suggestmg that the surfaces of plant cells contam substances with an acid 
reaction (102, 103) Howe (66) found that the pH values of root hairs range 
from 6 0 to 6 8 in the plants tested, but she did not state whether the acidity 
could be ascribed m part to the presence of pectic materials known to be im- 
portant constituents of root hair walls (120) In mvestigations made with a 
wide variety of plant materials the writer has observed that ascorbic acid leaches 
out readily from most of them when coarsely commmuted m metaphosphonc 
acid and the mixture allowed to stand for a half-hour or longer These observa- 
tions suggest that the ascorbic acid in the tissues, with the possible exception of 
that in the embryomc cells, moves readily from cell to cell through or on the 
surfaces of the cell walls Another tjqie of observation which is of mterest m 
connection vath a cell-surface relation of ascorbic acid m absorption was made 
m tests with highly lUummated, actively growmg cowpea plants (Reid, un- 
published data), the roots of which were immersed m black-walled jars contaimng 
a dilute solution of mdophenol (1 125,000) A reduction of the dye eqmvalent 
to a milligram of ascorbic acid per plant occurred within a penod of two hours 
This reducmg actmty was equal to about one-mnth of the total reducing activity 
m the minced and extracted tissues of similar plants vath all organs included 
In other tests, follovang decolonzation of the solution, additional dye was added, 
this procedure being repeated throughout the daj’' The total quantity of dye 
then reduced in the solution vas equal to approximately one-half of the calcu- 
lated total indophenol-reducing actinty vathin the plant The substance 
oxidized bj the d'\ e v as apparentlj’' again reduced m the tissues, as determina- 
tions of the reducing actmtj^ of plants kept in the mdophenol solution showed 
that no appreciable diminution had occurred dunng the penod of immersion of 
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the root* 'When plant* m the bleached dj e solutions were subsequently kept m 
darkness for several hours a partial return of color m the solution was noted, 
but a change to red color indicated a more acid condition of the medium A 
marked turbidity of the evtemal solution sigmfjung a leachmg of substances 
from the roots iras obscn ed following the dyo treatment, the leachmg being also 
noticeable after a penod in darkness These teats should be repeated and other 
tests made ivith planks kept in darkness dunng the period of immersion of the 
roots m the d\ e Preliminary studies have shoira little reducing activity It 
thus appears that the action of the dye on the roots occurs chieBj ns a conse- 
quence of eAposure of the tops to light The nature of the reaction of the dyo 
■mth the root cells is not clear, but, because of its rapidity and the rather large 
siic of the dye molecules, it may presumably be related to the existence of a 
readily oxidisable substance m the membrane (68, 93, see also 22) Further 
experiment* with the dve solution adjusted at different pH \ nines should give 
somewhat more definite clues as to whether or not ascorbic acid is pnmnnly 
involved in the reaction 

Schreiner and Sulhvan (128, 129) studied the reducmg action of the roots of 
wheat seedlings on solutions of sodium selenite and found that it was stimulated 
by a faintly acid reaction and by light and was most marked mtracelliilarlj in 
the parenchyma cells of the root tip They considered it probable that the 
reduction is due to the metabolic activities of the roots, the reaction involving 
some unstable non-eniymatio substance comparable to the oxyorgnmc acids, 
or to complex, unsaturated compounds comparable to dextrose and lovulose 
or unsatuiated fatty acids (It is now known that ascorbic acid vnll reduce 
solutions of sodium selenite ) Heffter (66) concluded that a tvjie of reduction 
process, apparently simila r to that studied later by Schremer and Sulhvan, is 
caused by the labile hydrogen of the suiphydiyl group of certain proteins It 
should be possible by further mveaUgation, using selenite solutions with different 
hydrogen ion concentrations, to deterrmne whether the tyjie of reduebon in intact 
roots herein described may be concerned pnmanly with ascorbic acid or with 
aulphydryl compounds. 

in Some aspect* of the chemical nature of cell memdiun'es cell 
WALLS ANT) INTERCELLULAR BUBSTANCES 1 In ommalt The physical state 
of intercellular matcnals has been studied by a number of my estigators and ns 
a result of their observations the yueyvpoint has dcvelojied that “cells repose in a 
jelly , not upon a yvnter bed’ (27,28 17, 85, sec also Editonal, The Lancet (74)) 
On the other hand there is comparabvely little definite knowledge concerning 
the chemical nature of the Intcrccliular substance in animal cells Grey (47) 
stated that in the connoctiye tissue of young yertebrates it appears to consist of 
mucoid (a gly co-protcin known to contain sugars and uromc acids) ywth fibrils 
of collagen and elastm Halliburton (49), Chittenden and Gics (20), and Van 
Licr (143), also liave presented eyndcnceof the occurrence of mucoids between the 
fibnls of connectiy c tissue Data obtamed by Benslev (17) in astudv of the rc- 
acbon of paramoccia in bullae of subcutaneous connecth e tissue suggested the 
presence in the intercellular areas of a yiscid substance, possibly acid m rcac 
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tion, digestible by pancreatin but not by pepsin, and with stauung properties 
resembling those of mucins The fact that this substance could be extracted 
with hme water also suggested that it may be mucoid Zweifach (152) found 
that the mtercellular cement substance of the endothehum of the blood vessels 
behaves as though it were a calcium salt, probably a protemate, and that it is 
digestible by trypsm The possibihty of a carbohj'drate Imkage with the pro- 
tem was not suggested Ferry (37) studied the jelly layer of Aremcola eggs and 
concluded that it is essentially a polysacchande 

A possible relation between the water-holding capacity of tissues and their 
content of certam t 3 Ties of carbohydrate-protem complexes is suggested m studies 
conducted by Hennga and Weidmger (61) They measured the amount of 
water taken up by the cornea and sclera after they were m equihbnum with 
water vapor of a certam partial pressure and found that m water vapor tension 
aboveO 9 (90percent)thesclerafail8 to take upadditionalwaterwhereas the cornea 
contmues to swell up to about 1000 per cent of its dry matenal They mterpret 
this result as seeming to mdicate that there is inserted between the connective 
tissue fibrils a substance, probably mucoid, which differs m cornea and sclera 
Then- hypothesis is based upon the fact that the cornea wms found to contam 20 
per cent of mucoid and the sclera 13 per cent and that after the extraction of the 
mucoid the cornea lost the greater part of its swelhng capacity Usmg the 
Sorensen-Haugaard adaptation of the Orem reaction, Grassman and Schleich 
(46) studied the carbohydrate content of animal skm and found that it contamed 
ummolecular proportions of glucose and galactose From this findmg they 
concluded that the carbohydrate was present m the form of lactose They also 
attempted to detenmne the sigmficance of the substance surroundmg the 
collagen fibers m a study of collagen fibers from cow’s skm They consider 
that their results afford good reason for the assumption that the lactose is a 
constituent of collagen and not of the chemically undefined mterfibnllar sub- 
stance However, their evidence that the mterfibnllar substance does not also 
contam small amounts of carbohydrates is not entirely convmcmg Schneider 
(127) also has shown that collagen contains a small amount of firmly bound 
sugar Beek (15) found that the carbohydrates from collagen were not fer- 
mented by galactose-active yeast and concluded that neither d-glucose nor d- 
galactose forms a considerable part of the sugars He expressed the opmion 
that the carbohydrates ma}’’ be Z-isomers of the two sugars and noted that BeU 
and Baldwm (16) had found Z-galactose as a component of a pol 3 ^cchande of 
animal ongm 

Bensley (17) suggested that the cement substance of coUagemc fibers maybe 
a modified form of the ground substance and that the chemical and physical 
differences between reticular and collagemc tissue ma 3 ’^ be due to this difference 
m the relation of the fibers to the ground substance She says that “the differ- 
ence in reactions of reticular and collagemc fibers with dilute acetic acid may be 
explamed on the basis of this'relation Undoubtedly the ground substance is 
m a complex colloidal state It is well known that weak acids mcrease the 
capacity of lyophylhc colloids to absorb water The hj’^dration of the ground 
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or cement substance due to the acebo acid may render its refractive index the 
same as that of the fibnllae of the coUagemo fiber and thereby make them both 
mvisible That reticular fibers do not react m this waj may be explamed by 
the tact that the ground substance enveloping them is not m the nature of a 
cement substance, i e , there is not so much of it and it is not so condensed 
Therefore, its hydration capnat} is not increased to such a great extent and the 
refractive mdex is not appreciahly changed ” Observations made by Hennga 
and Weidmger (62) suggest that differences in chenuoal composition of reticuhn 
and collagen are, in part at least, responsible for the differences in behavior 
They also found that rcbcuhn does not swell appreoiablj m acids and that it 
has a higher sulphur content than collagen The sulphur, chiefly present as 
cystme, is m ado chains, and by tending to dimmish the ade chain distances 
tends to prevent the intermicellar penetration of water Thus m a very early 
stage of development a non-swelling substance, rebcuhn, is contamed m skm, 
thereby enabling it to exist in a watery medium later, this substance changes 
to collagen which allows water to pass It seems probable that dunng matura 
bon of tissues changes mai occur also in the ground substance ns suggested bj 
Bensley Further studv of this aspect of the problem appears necessary 

Northrup and Kumti (101) accounted for the high viscosity of gelabn and its 
variation with pH by the enstence of two forms' — one form ocoumng as insolu- 
ble micellae and the other a soluble form distnbutcd between the micellae and 
the outer solubon They do not say whether or not it may be possible that 
differences m solubihty of fibrillar and mterfibnJlar substances are mvoK ed in 
producing these results 

H6ier (04) reported finding a collagen atrophy in the cartilage m scurvy, 
especially marked m the columns of the proliferating lone and in their neigh 
borhood He observed that seefaons stamed with methylene blue did not differ 
from the normal m regard to chondroiUn-eulphunc acid It would appear from 
this observation that if ascorbic acid is used directly m the production of a 
protem-carbohydmte complex it must be in relation to some specml typo which 
presumably is used m comparatively small amounts such as in the intercellular 
cement of the epithelial cells of certam tissues 

2 In pfonts The chemical nature of the outer wall layer or imddlo lamella 
of young expandmg cells is not known definitely In the early stages it is gener 
ally considered to bo chiefly pectic material such as protopectin or peohn which 
later changes into insoluble compounds mainly as the calcium salt of some pectic 
substance There is lack of agreement as to the exact form of the latter though 
many workers have considered it to bo calcium pectatc, a salt of pectic acid 
It IS not known whether or not these substances are linked to protom or more 
probably to phosphoprotein molecules in the early stages of cell surface formation 
After and also during the later phases of cell expansion, the pectic matenal is 
generally supposed to comhine with calcium to form the insoluble compound 
above mentioned Pectic acid is known to bo a complex molecule composed 
of sugars such as glucose or galactose and m some cases pentoses, together with 
uromc acids, chiefly galaoturomo and glycuronic When ascorbic acid is heated 
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■withhydrochlonc acid, a carbon atom is detached and the remaimng compound 
gives the furfural reaction characteristic of pentoses 

Farr and Eckerson (36) observed that cells of higher plants (see also, Barrows 
(12)) are surrounded by wall-layers composed of cellulose particles embedded in 
an isotropic matnx, which was shown by later work (53, 35) to have some of the 
charactenstics of pectic matenal Wergm (146) studied the structure of cotton 
fibers and reported also that the fibnls consist of cellulose particles, considerably 
smaller than the umts descnbed by Farr and Eckerson Wieler (149) investi- 
gated the cell-wall structure in a large number of plants mcludmg that of cotton 
fibers and he, too, observed cellulose particles not veiy different in size from 
those descnbed by Farr and Eckerson Ckmcemmg the nature of the cementing 
matenal surrounding the cellulose particles Farr (35) states that there seems to 
be no reason for considenng it as an 3 dihing other than a surface coatmg left by 
the cytoplasm upon each separate particle and between the successive layers of 
fibnls which form the w'all lamellae (Chambers (24) has pomted out' that in 
animal cells the outer hyahne layer is formed as a secretory product left behind 
by the receding protoplasm ) It is to be inferred from the general trend of 
evidence in the studies of Farr and her associates that the c 3 dT>plasm, perhaps 
especially the cortical layers, contains appreciable amounts of pectic matenals 
Compton (29) has shown that the high hj'groscopic moisture content of cotton 
fibers at vanous stages of development is due chiefly to the presence of water- 
soluble carbohydrates and pectic matenal 

There is some indication of chemical simdanty m the cementing matenal 
which binds together the cellulose layers in the plant cell wall and the collagen 
and elastm fibnls m the intercellular matrix of animal tissues, namely, the 
presence of complex carbohydrates containing sugars and m many cases also 
of uronic acids If present in both kinds of cells the function of these substances 
IS likely to be somewhat similar in plants and in animals and they may play 
highly important roles as hydrating and gehng agents The results of Hennga 
and Weidinger (61, 62) previously mentioned strongly suggest the importance 
of these complexes in determmmg the water-binding capacity of the connective 
tissues in ammals 

Ruskm (123) has shown that ascorbic acid combines readily with calcium and 
Ruskm and Jonnard (124) that it combines with protein but much more readily 
if calcium also is present The possibility of a relation of ascorbic acid to the 
pectic-hke substance which may be involved m gelation processes in plant and 
ammal tissues bnngs to attention a crucial problem Available experimental 
e\udence thus indicates that ascorbic acid may be qualified to act as a earner 
of calcium m embrjonic tissues but it is possible also that it helps to prevent 
premature calcification, and that it may be utilized directly (though possibly 
onlj in plants) in the sjmthesis of some special carboh 3 ’’drate fraction The 
quantitatn e relations which have been found betw een ascorbic acid and surface 
area in expanding root tip cells suggest that it may be a constituent of the middle 
lamella, the pnmarj^ cell wall and the cjdoplasm The mdophenol-i educing 
actiMty of the ascorbic acid in the wall may be preserved dunng the phases of 
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expansion whore the potassium and possibly magnesium to calcium ratio is 
presumably considerably higher and the phosphorus to mtrogen ratio shghtly 
higher (112, 113) than later when maturation processes become dominant 

Allen (1) expressed the view that the nuddle lamella is not merely an mter- 
cellular substance of cement but that it ma> function as a “plastic region in the 
growmg cell wall which is m a measure adaptable to the changmg form and sise 
of the protoplast itself, and to the firm resistant laj era whoso form must corre 
spond to that of the protoplast at the time of their deposition ” He also smd 
that “the evidence seems to indicate that the pectic layer continues to increase 
in thickness about as long as the cambial cell is increasmg m siie It is possible 
that the attainment by the cell of its adult sue marks the limit of growth of the 
middle lamella. In this case wo nught say that pectic acid is deposited so long 
as the metabolic processes of the cell result In n plus which is expressed m cell 
growth, but that later, when a metabohc equihbnum has been established, or 
when the excess of food is stored instead of bemg used for growth, or when the 
protoplast degenerates, a prodommance of other cell wall materials is deposited 
The evidence for such a view, however, is far from complete ” 

The relation of ascorbic acid to grovrth of the cell wall wras studied m the 
root-cell mvesligations previouslj mentioned (113) It was observed that 
ascorbic acid increased approximately so long as the cell continued to expand 
During maturation a decrease was observed, becoming more marked as full 
development was attained Ascorbic acid has also been found (Reid, unpub- 
lished data) as a constituent of young cotton fibers Older, stUl growmg fibers 
also contom it but m a lower concentration on a green weight basis The content 
per cell at successive stages of development was not determmed Peetio sub- 
stances have also been found m cotton fibers (63) and relatively more In j oung 
than In old fibers (148, 29) 

CSompansons of differences m composition of cementing material of the walls 
in fungi and higher plants are of special mterest with respect to possible inter 
relations of ascorbic acid and calcium in cell wall del elopment Fungi are said 
to contain little if onj ascorbic acid and calcium is generally considered os 
unessential or, possibly, as essential only m very shght traces It is known, 
however, that growth of some fungi, such as jenst, is much more rapid if 
calcium IS present m the nutnent medium It is possible also that biological 
tests for determimng the antiscorbutic value of fungi maj be difficult to con 
duct without danger of loss of ascorbic acid before the supplement is consumed 
Hence, small amounts of the idtanun wrould not be easy to evaluate by this 
method In the higher plants both ascorbic acid and calcium are present and 
doubtless both are essential Tj-pcs of higher plants lacking chlorophyll requuo 
calcium but much less than chlorophs-llous tj-pcs, and thoj also contain much less 
ascorbic acid than the latter plants (43) Chlorophj-ilous tissues such as leaves 
contain much higher concentrations of both ascorbic acid and calcium than the non 
green parts, with the possible cxccptionof certain regions of extremely high meta 
bolic actmtj ns in the groinng regions of roots Thorca'ion whj calcmm and 
ascorbic acid maj be cssentml In appreciable amounts for non green plants but 
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not for fungi is stdl obscure It should be possible to determine whether or not 
differences m composition of the walls are chiefly mvolved Pectic substances 
have been reported m the cell walls of cellulose-fomung fungi (36) but the cement 
matenals surroundmg and bmdmg the cellulose layers undoubtedly differ some- 
what m chemical composition from those m higher plants Presumably the pectic 
substances are not present as calcium salts smce, as previously stated, only 
shght traces of calcium, if any, are essential for fungi Calcium is found, 
however, m the walls of non-chlorophyUous higher plants The general trend 
of e\udence as to the distnbution of ascorbic acid and calcium m different groups 
of plants defimtely suggests the possibility of a mutual relationship to calcium 
pectate or to the calcium salt of some related pectic substance occurrmg m the 
middle lamella Further study is necessary before drawmg defimte conclusions 
as to a direct relation of this vitamin to cell-wall development 

The matenals surroundmg the cells of plant and animal tissues have been 
herem shown to consist of sohd umts bound together by a cement substance 
Carbohydrates or carbohydrate-contammg complexes are important constituents 
of these bmdmg matenals, probably mfluencmg strongly their hydratmg and 
gellmg properties There is evidence that the cement substance m both types 
of tissue IS a calcium salt, m the plant a salt of pectic acid, possibly Imked to 
protem m embryomc cells and m the animal probably a protemate, though it 
may be one with a carbohydrate complex 

W Loss OF ASCORBIC ACID IN METABOLIC PROCESSES 1 7n 'plants Losses 
amountmg to as much as 15 to 20 per cent m the absolute amount of ascorbic 
acid m young cowpea plants have been found to occur at mght, but apparently 
only at temperatures which are favorable to growth (110, 111, 114, 115) Other 
investigators have observed the same phenomenon m other types of plants (97, 
133, 71) The wnter has observed sinular losses also m older growmg cowpea 
plants but, because of the larger and somewhat more vanable sizes of the plants, 
the losses are somewhat difficult to determine quantitatively Gams m the 
absolute amount of ascorbic acid dunng penods of darkness do occur so long 
as the stored food reserves m the cotyledons last Following this penod losses 
at mght are found (114) The evidence suggests that only seedlmgs and possibly 
sprouting tubers and bulbs with special tjqies of storage reseiv^es have the 
capacity to synthesize ascorbic acid durmg penods of darkness It appears 
that plants at other stages of growth either lack the ability to convert some of 
their carbohydrate resen’^es into ascorbic acid or synthesis occurs but is not 
measurable because the losses are considerably greater than the gams 
^lore recent work (116) affords evidence which supports the latter concept 
and defimtely indicates an ability of plant tissues to synthesize ascorbic acid 
durmg penods of darkness Tests were made with excised tomato roots (sixtieth 
explants) grown m a modified Pfeffer solution containing one per cent sucrose, 
thiamm (vitamm Bi), and pyndoxm (vitamin Be) but no added ascorbic acid 
A defimte mdophenol-reducmg action of the root extracts was observed with 
approximately the same speed of reaction as occurs with ascorbic acid and the 
reaction was of such magnitude as to eliminate the possibihty of transference 
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of the total quantity from the original explants From these results it seems 
fairly defimte that excised tomato roots in stcnle cultures have the capacity 
to utilire sucrose m the sjmtheais of ascorbic acid It is also probable that roots 
of mtaot plants have the ability to form ascorbio acid at night by utilinng some 
of the stored carbohydrates but that the newly synthesiiied portion is not 
measurable because the losses are greater than the gmns. The nightly losses 
may thus be appreciably greater than the decreases as observed m the assays 
PrMumably even greater losses occur in the daytime tha n at mght but they are 
difficult to determine because the rate of synthesis tends to be greater than that 
of loss. However, m rapidly growmg plants with low carbohydrate reserves 
the wnter has obtamed mdications of possible losses m the afternoon on cloudy 
days The results thus suggest that ascorbic acid may play a much more 
important rAle m the economy of the plant than has heretofore been reahred 
The fate of the disappearing ascorbio acid is as yet undetermmed but, as previ 
ousiy suggested, it maj possibly be used for a constructive purpose such as m 
the synthesis of some special constituent of the pectio substances m the growmg 
regions Support for this assumption is to be found m the apparent loss m 
total ascorbio acid m root cells durmg maturation (113) and also by the fact 
that at favorable temperatures a very rapid growth of roots usually occurs m 
young cowpea plants from the eighth to the tenth da}^, at which tune there is 
a lag in the general upward trend of the curve ropresentmg the absolute amount 
of ascorbic acid m the plant (114) Kohman and Porter (72) have recently 
reported that in tomato plants with roots severed the losses m ascorbic acid at 
night are less than m mtaot plants 

The structure of the ascorbic acid molecule is such that it could prtaumably 
bo converted into the uromc acid of d-gulose, but a compound of this typo has 
not been reported us occurring m plant tissues On the other hand it is possible 
that the loss of ascorbic acid which occurs m daricness may be, at least m part, 
a result of oxidation and mdirectly a consequence of a lowering of the sugar 
content It has been shown in tn Ptiro experiments by Mumlla and Vogelsmgor 
(100) that sugars protect ascorbio acid from oxidation A lowering of the 
sugar confont might thus affect not only the synthesis of ascorbio acid but also 
its maintenance. Results of other teste have shown that m green plants exposed 
to hght, their ascorbio acid may be protected from oxidation by the chlorophyll 
(108) Possible losses of ascorbio acid by oxidation are difficult to determmo, 
at least m some types of tissue, becauso of the difficulty of complete removal 
of the hydrogen sulfide employed m reducing the dehydro form of ascorbic acid 
and also because a number of substances combme with hydrogen sulfide to form 
compounds which react like ascorbic acid (1361 Moldtmann (97) makes the 
unqualified statement, however, that the losses of ascorbio nad at mght are not 
n result of oxidation The need of further study of this problem is evident 

Mention should also bo made of the fact that plants grown m solutions con 
taining high concentrations of basic ions (Ca, Mg or IQ even when the nutrient 
medium is mnmtaincd at a favorable pH, have defimtely, though, except in the 
case of magnesium, not markcdlj , lower ascorbic acid values than plants grown 
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m solutions containing medium or low concentrations of these ions (104, 10, 
Reid, unpublished data ) It is not known whether these decreases signify 
lessened synthesis or increased utilization If, during the growth process, the 
ntamm undergoes a modification with eventual combination with basic ions, 
the latter hypothesis is more probably the correct one 
2 In animals Considerably less ascorbic acid is excreted tlian is ingested 
by the human body but no satisfactory answer is available as to where or how 
the loss occurs Smith (134) m a review and discussion of the question of human 
needs of ascorbic acid, summanzes as follows the daily requirement m terms of 
milhgrams per kilogram of body iveight “Infants from 3 to 8 mg , children from 
6 4 to 7 5 mg , and adults from 0 7 to 1 6 mg ” The data are held to suggest 
that ascorbic acid requirements are related both to body weight and to metabohc 
rate, the effect of the lattei bemg the more pronounced None of the investi- 
gators who have studied the relation betw'een intake and excretion of ascorbic 
acid have suggested the possibdity of utilization of the disappearmg portion 
for a directly constructive purpose It should be pointed out that the penod 
of maximum requirement of calcium is comcident with the penod of most rapid 
growdh and most rapid disappearance of ascorbic acid 
There is considerable evidence that the utihzation of calcium by the tissues 
IS influenced by ascorbic acid (139, 64, 125, 34, 4, 82, 83, 75, 76, 84, 131) Darnels 
et al (31), however, reported finding no relation between ascorbic acid ingestion 
of between 2 7 and 12 5 mgm per kilogram and calcium retention m children, 
and Henry and Kon (60) found no effect of an addition of 2 mgm dady of ascorbic 
acid on the retention of calcium in rats kept on a diet low in calcium Mallon 
and Lord (89) observed that addition daily of 5 cc of lemon juice to young 
growmg rats supphed with a diet contaimng 0 166 per cent calcium caused no 
increase or decrease m calcium retention It seems possible, however, that 
ascorbic acid might influence calcium retention with a diet high m calcium 
Hawley, Frazier, Button and Stevens (55) studied the effect of acid and alkah 
upon the amount of ascorbic acid excreted m the unne of human subjects 
They found a pronounced decrease in excretion when the unnary pH was in the 
alkahne range of 7 5 to 8 1 and the effect was apparently not due to reversible 
oxidation Tislowitz (138) reported that the mjection of large doses of ascorbic 
acid into dogs caused a ten per cent mcrease m the alkah reserve The results 
of other mvestigations suggest a partial explanation of these observations 
Robertson, Ropes and Bauer (121) studied the degradation of mucins and 
polysacchandes by ascorbic acid and hydrogen peroxide They found that the 
‘system acted on starch, pectm, flaxseed mucilage, the polysacchandes of synovial 
fluids and cartilage and the capsules of vanous types of pneumococci but caused 
no apparent change m ovo-mucm, agar-agar or gelatm Later work (122) by 
these investigators show ed that the viscosity of gelatm also was reduced by this 
treatment The question anses as to whether the breakdown of the macro- 
molecules may have been influenced to some extent by the removal of traces of 
calcium and possibly of other bases from the reactmg matenals Grant (45) 
presented endence which shows that mucus, a gl} coprotem, is an immediate 
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source of calcium m gastno secretdona and that it constitutes an important factor 
m the reduction of gastric acidity The presence of varymg amounts of mucus 
in secretions of different types is held by this mv estigator to be responsible for 
calcium and acidity variations m gastnc secretions The work of Oden (102) 
suggests that the carbohydrate moiety of the mucin molecule may well be m 
rolved in these pH regulatory reactions He obtamed evidence that pectic 
substances may act as regulators of the H and OH ion content of circulating 
solutions m plant tissues in so far as these come into contact rvith the pcctic 
matenals That pectio substances may exert some as yet unidentified beneficial 
influence m the digestive tract in addition to their action as lubricants is generally 
recogniied (70 144, 146) Werch et al (146) suggest that an effect of pectm 
on the pH of the intestinal contents is the most probable explanation of the 
beneficial action of pectin in the treatment of diarrheas caused by some types 
of mtestinal pathogens 

Losses of ascorbic acid are herein shown to occur in both plants and animals 
Afetaboho losses occur during growth m some, it not m all plants, and in am 
mala, the losses are muchgreater during rapid growth than in the adult stage. It 
is suggested that ascorbic aad may be used in the synthesis of some substance 
essential in growmg regions There is considerable evidence that the utihiation 
of calcium m the tissues is influenced by ascorbic acid and conversely, the utilua 
tion of ascorbic acid bv the tissues presumably is influenced by calcium 

V S nnr.A BlTT IK SOUE PHYBIOIAKUOAP EFFECTS OF ASCOBBIC ACID AND 
CALcrou 1 In ammale a Growth The necessity of ascorbic aad for 
grbwth of higher animals is generally recogniied but direct experimental evidence 
of such a relationship is somewhat imited Young animals succumb to its 
absence m the diet so suddenly that a retarding effect on growth is often not 
observable Anderson and Smith (2) in paired feeding exponments with gmnea 
pigs found that animals given scurvy preventing supplements and whose food 
consumption was iso.calonc with that of scorbutic animals attained a greater 
weight A relationship of ascorbic aad to growth of cells is suggested bj results 
reported by Click and Biskind (44) They observed that the sue and ascorbic 
aad content of the cells of the adrenal cortex mcreased regularlj from the fetal 
to the adult stage of the animal The necessity of calaum for growth has long 
been recogniied Boelter and Greenberg (19) have recently presented further 
proof that growth is retarded u hen the supply of calcium is low 

b IFolcr relations Calcium and ascorbic acid are probablj jointly in volv ed 
in e.xerting an effect upon the water content of cells and tissues The cxtremeli 
rapid losses in weight often observed in guinea pigs mth severe scurvy could 
presumably bo a consequence of an upset water balance associated with a 
disturbed equilibrium between the sohd and liquid cytoplasmic phases rcsultmg 
in loaercd ability of the cells to retain water It would bo of interest to find 
whether or not at a stage preceding the final collapse there was not mcreased 
hydration of the ceil colloids as a consequence of release of calcium from the 
intercellular cement McHenry , Reedman and Sheppard (96) and Sheppard 
and McHenrv (132) found m feeing tests with gmnea pigs tliat lack of ascorbic 
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acid caused a dummshed retention of water which largely accounted for the 
observed differences in body weight They concluded that ascorbic acid is 
apparently concerned directly or indirectly with water retention Ley (78) 
descnbed a condition m very young mfants, charactenzed by a disturbance in 
water metabohsm and marked loss m weight which responded quickly to 
administration of ascorbic acid 

It IS possible that the therapeutic value of ascorbic acid m fever-producmg 
infections may be a consequence of a beneficial influence upon the water balance ^ 
Balcar, Sansum and Woodyatt (9) su^ested that “fevers are due to a deficit of 
free water residtmg m an abnormal tendency on the part of the colloids of the 
body to bmd water ” They held that the poison of the disease leads to changes 
m the cell colloids, mcreasmg their hydration capacities, so that they take up 
and bmd more water They suggested that beneficial results would follow if 
enough water were mtroduced to saturate the mcreased affimties of the colloids 
and provide excess free water There is considerable evidence that ascorbic 
acid may reduce the water-bmdmg capacity of certain types of proteins Pozzi 
(107) has shown that it decreases the viacosity of gelatm solutions and McClean 
and Hale (94) and Madmaveitia and Qmbell (86) have reported similar effects 
on mucm preparations from vitreous humor The work of Robertson, Ropes 
and Bauer (121, 122) previously mentioned has shown that the reduction m 
viscosity on treatment of gelatin, synovial fluid, gastnc and sahvary mucins 
with ascorbic acid and hydrogen sulfide causes a reduction m viscosity which 
18 irreversible, due to a breakdown of macromolecules Honaga (65) reported 
that m most diseases causmg fever the blood calcium is lessened at the height 
of the fever whereas with blood potassium the opposite occurs Durmg con- 
valescence normal values are restored He found also that induced fever m 
the rabbit mcreases the calcium content of the liver and muscles and decreases 
that of the skm The mcrease m calcium m some tissues durmg fever may 
possibly be prmcipally mtracellular and the loss from others may be chiefly 
from extracellular sources The mcrease m calcium content of certam tissues 
suggests that the calcium may be directly mvolved m a hydratmg and gelhng 
action upon the cell colloids The favorable action of ascorbic acid may be a 
consequence of release of the bound water and removal of the excess mtracellular 
calciuni 

c PermeabUtty Chambers (24) descnbed three types of cellular membranes 
m multicellular organisms, m the first of which the mtercellular cement is present 
m such an appreciable amount that the permeabihty of the membrane is de- 
termined by it rather than by the cells The endothelial linmg of the blood 
vessels is an example of this type Permeabihty of the second type of membrane 
IS determmed by both the mterceUular cement and the cells, the mtestmal 
mucosa being an example of this type In the third kind of membrane the cells 
fit together so closely that the cement has a neghgible influence on permeabihty 
An example of this type is to be found m the walls of the proximal tubules of the 
kidneys It has been prenously shown m this discussion that the mtercellular 

* This suggestion -was made to the imter by the late Dr Lilhas D Frances 
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cement, at least that of certain eifitholial tissues, is a calcium salt, tie formation 
and, presumably, also the maintenance of which is dependent upon the presence 
of ascorbic acid. It seems probable that membranes of the 6rst type should bo 
affected most severely by shortage of essential cement materials If either 
calcium or ascorbic acid is lacking, extravasation of both blood cells and fluids 
ocours especially if the tissue is subjeoted to extra strmn or pressure 'When 
both calcium and ascorbic add are deficient, earlier and more pronounced 
histological defects would presumably be expected Excessive mtake of either 
ascorbic add or caldum with an inadequate supply of the other would possibly 
be harmful Because of the apparently mterrelated action of calcium and 
ascorbic acid it might bo expected also that a deficiency of either of these sub- 
stances would cause some of the symptoms charactcnstic of lack of the other 
This, m fact, does occur The results obtamed by Boelter and Greenberg (19) 
have shown that shortage of calcium causes retardation of growth, reduced 
activity, marked weakenmg of the muscles and paralysis of the hind legs, high 
basal metabohe rate, mternal hemorrhages, and osteoporosis, all of which are 
characteristic scurvy symptoms 

d. Deloxifi/mg acUm There is considerable ondence that ascorbic add 
protects the body against the toxic effects of certam chemically unrelated sub 
stances such as lead, benamo, arsemcals, some types of a m ines, and barbiturates 
but the basis for a chemical action has not been found It is possible that 
phymcal-chemical factors which may influence surface action may be chicfi} 
concerned. If this is true, and if the influence of ascorbic sad is exerted pnnci 
pally at or near cell surfaces, as herein suggested, it becomes unnecessary to 
postulate speafio chemical reactions with these substances to explam the do- 
toxifymg effect * The suggestion has also been made that the deloxif 3 nng notion 
of ascorbic aad against certam chemicals may bo related to a tightenmg effect 
upon dther or both the plasma membrane and the cement substances m the cell 
walls Such a change In either of these structures would tend to retard the 
passage of large molecules ’ Undoubtedly calomm would be involved in this 
and in some of the other detoxifymg reactions but present knowledge is insiiffi 
dent to warrant innlnng a positive statement regarding such an influence The 
beneficial action of ascorbic aad m alleviatang the toxic effects of load can 
probably be explamed as a predpitating action on the lead It should be added 
here that if the detoxification of some types of substances is a surface reaction, 
synthesis of ascorbic aad may be a surface phenomenon also, since the two 
processes appear to bo related accordmg to evidence presented by Longenecker, 
Fnoke and King (81) 

e. Mutde action Fnedman (39) studied the effect of ascorbic aad defiaenoy 
on smooth musdo responsiveness to stimulation with histamine and found a 
Bieatlj reduced reaction ns compared to that m normal tissues Basu and 
Biswas (13) and Basu and Raj (14) studied the influence of ascorbic aad on 
different types of muscles and found that it augments contraction, brings about 

"TUi suxgeation was made by Mr Chas H Bmfcloy 

’ Thli aacgntlon wat made by Dr I,. E Yocum 
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quicker relaxation and delays the onset of fatigue Their experiments showed 
also that the effects are not due to any alterations of pH R^ults also of tests 
reported by Gantenbein (41), Matthes (92), and Lmstead and Krayer (80) 
indicate a stimulating effect of calcium on muscle action Lack of calcium also 
affects the muscles causing loss of tone and flaccid paralysis Basu and Biswas 
pointed out that the response to ascorbic acid is somewhat similar to that to 
calcium (Gellhom, 42) The present concept of muscle action is said to be that 
“calcium is released on excitation from its combmation with protein and this 
released calcium causes reversible gelation m the intenor of the protoplasm ” 
If calcium IS added to the external fluid, the gelated condition ls induced much 
more readily and to a greater ex'tent than before, and consequently the response 
IS greater The suggestion was made that smce ascorbic acid is known to cause 
gelation m different fluids, it is probable that it also causes gelation in muscle 
plasm The suggestion could also be made that ascorbic acid aids m the recovery 
piocess and influences intracellularly the solation phase of the reaction 

The possibihty of interrelated effects of ascorbic acid and calcium on other 
tissues in which surface activities play an outstandingly important r61e such as 
those of the nervous system, glandular organs and white blood corpuscles has 
not been investigated vath this particular aspect m view 
f Effect of ascorbic acid and calcium on catheptic enzymes Additional reason 
foi postulating an mteracting relationship m the functionmg of calcium and 
ascorbic acid is to be found in the fact that both of these substances have an 
activatmg effect on catheptic proteolytic enzymes (68, 33, 5) 

2 In -plants Direct proof of the growth relations of ascorbic acid in higher 
plants is difficult The same is true also of a possible connection of this vitamin 
iVith other physiological functions because it is always present in metabohcally 
active tissues If, as some of the reported observations suggest, ascorbic acid 
functions m the cytoplasm and at surfaces of cells, as has been previously showm 
for calcium, it may presumably exert an important influence upon the intake 
and retention of water and also of mineral nutrients It has been shown (137, 
63) that absorption of imneral salts by roots occurs chiefly dunng active groivth 
or m roots ivith the potentiahty for active growth It has also been demon- 
strated (106) that the maxamum penetration of potassium nitrate mto soybean 
roPts occurs between 1 and 4 mm from the tip The penetration of salts was 
fotind to dimmish progressivelj'’ toward the older region of the root and to stop 
almost completely at 10 mm Osterhaut (103) obsen'^ed that ammoma entered 
the fresh surface of Valoma c 5 'toplasm squeezed out of cells and stated that it 
did so bj^ forming a compound with an acid at the surface The available 
emdence indicates that the region of active grovdh and absorption m roots is 
identical with that having the highest ascorbic acid concentration per umt area 
of cell surface The general trend of evidence strongly suggests the possibihty 
of the movement of v ater and mineral nutnents through the cementing material 
of the walls in the groinng region of the root in much the same fashion as ma- 
terials are transferred through the cement substance surrounding the endothelial 
cells of the blood vessels in animals 
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SUMMART 

Calcium gives stability to cell surfaces and intercellular substances of both 
plant and nnimsi tissues and there are Indications that it may act m someahat 
similar manner in the two groups 

Ascorbic acid is necessary for the production of certain types of mtorcellular 
materials, and possiblj also for the production and maintenance of cytoplasm 
and normal plasma membranes in animals and there is considerable suggestive 
evidence that it may perform a similar function in plants Whether its primary 
action IS to influence the funohonlng of cells or the production of intercellular 
colloids or whether it is involved in both of these types of activity has not been 
fully determmed 

Similantiea are shown in the physical constitution of the cell walls of plants 
and the mtercellular substances of animal connective tissues, namely, that thej 
both contam solid umts, different as to cheimcal nature, and bound together by 
cement substances contmmng umts which are chemically somewhat similar 
It is supposed that in plants the latter materials may aid in the maintenance of 
a plastic state durmg expansion and later, on setting firmly, impart strength to 
the structure The plastic state presumably is maintained by retarding pre 
cipitabon of calaum whereas the maturation phase of the process presumablj 
allows freedom m calcium deposition There is suggestive evidence that a 
somewhat similar sequence of changes m form of the intercellular substances 
occurs also m some types of animal tissues 

Collagen, which is concerned m the gelbng action of the mtercellular matrix 
m amttuils, contams sugars The mucoid like ground substance surrounding 
the collagen fibrils is held bj some investigators to contain both sugars and 
uromo acids Sugars and uronlc acids are present in plant tissues as constituents 
of the pectlc materials, complex carbohydrates with marked hydration and 
gelbng properties Supposedlj calcium plays a rile m the gelling action of these 
sugar uromo acid complexes 

Ascorbic acid exhibits properties which may adapt it for functionmg at coll 
surfaces, namely, it shows defimte surface activitj in lecithin and cholesterol 
solutions, and it combines readilj with protein m the presence of calcium 
Presumablj it could act as a earner of calcium in cmbiyonic regions, it could 
also be mvohed m preventing premature calcification, and its structure is such 
that it could probably itself be changed to form a special component of the 
pccUc acid molecule 

The increase in surface of expanding cowpea root tips at successive stages of 
development approximately parallels the increase in ascorbic acid During 
maturation the values become lower which is interpreted ns possibly indicatmg 
a transformation of the vitamin to a non reduemg substance durmg maturation 
processes It is suggested that ascorbic add maj be used in the formation of 
calcium pectate or a related substance. Further suggestion either of the utiliia 
tlon or the destruction of ascorbic acid m plants is supplied by the fact tliat 
under conditions smtablo for growth, marked losses of the vitaram occur in 
plants kept in darkness and presumably also in those kept in light There are 
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unaccountable losses of ascorbic acid from animals also, though the magmtude 
and manner of loss are difficult to detenmne 

In addition to the parallelism between ascorbic acid and cell surface mcreases 
m growmg root cells, further suggestive evidence that vitanun C may be concen- 
trated at cell surfaces is as follows CeU surfaces of plant tissues contam sub- 
stances with an acid reaction, a rapid reduction of indophenol occurs when roots 
of plants with tops exposed to hght are immersed m the dye solution, and in 
animal tissues there is considerable tendency for deposition of silver granules to 
occur at cell boundanes and m mtercellular spaces as well as in the cylxiplasm 
when the tissues are placed m acidified silver mtrate solution 

The very low requirements or possibly unessential nature of ascorbic acid and 
calcium m the development of fungi and the essentiality of calcium and probable 
essentiahty of ascorbic acid in higher green plants is pomted out as is also the 
fact that calcium pectate is a constituent of the walls of higher plants, even of 
non-chlorophyllous types, but is not necessanly present in fungi 

The availabihty of relatively high concentrations of calcium, magnesium and 
potassium appears to have a favorable influence upon retention of ascorbic acid 
m animals as evidenced by lessened excretion High concentrations of these 
elements cause lower values in plants, but it has not been determined whether 
the difference m content is due primarily to decreased synthesis or to mcreased 
utilization 

Glycoproteins such as mucus may serve as sources of calcium m gastric secre- 
tions and there is suggestive evidence that the carbohydrate moiety of the mucm 
molecule may be mvolved m pH regulatoiy reactions 

Similanties are shown m the physiological effects of calcium and ascorbic 
acid with respect to water relations, permeabihty and growth m plants and 
ammals and also to their effect on muscular action and on catheptic enzymes in 
animals Ascorbic acid exerts a detoxifymg action m ammals against a number 
of substances There is as yet little more than suggestive evidence that calcium 
may also be mvolved m these reactions 

If ascorbic acid and calcium function co-operatively as has been shown m 
mamtenance of the mtercellular cement in the endothehum of the blood vessels, 
it should be expected that there would be marked similanty, although not 
necessanly complete identicahty m symptoms when one or the other of these 
substances is lackmg The observed smulanty m some of the deficiency 
symptoms of the two substances affords support for this assumption 
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Malignancy was tentatively formulated in a sucobct report by the national 
cancer committee (Bayne-Jonee, 1937) as a univereal cell potentiality, varjung 
in degree with coll type, of the nature of a somatio mutation, and resulting in 
automatic proliferation mdependent of a continuously acting provocatii e agent 
It was asked "have they (the malignant cells) become ‘fast’ to the conditions 
which normaily control cell growth in the body or is there a break m the mtemal 
control mechanism of the cell, or is there a loss m body control of cell activity? 
This, the core of the problem, has been almost entirely neglected ” 

The apparent neglect is clearly not lack of consideration It la due to the 
standards of reference also bemg problems as challenging as mallgnancj itself 
Malignancy and its associated phenomena merely constitute one aspect of 
growth, proliferation and differentiation of cells and cell constituents The 
nature of the growth oontroUrag forces of the body, of the mternal control mech 
anlam of the cell, the relation between nuclear change and cytoplasmic and organs 
ismio expression, the determination and maintenance of cellular specialisations, 
and the mode of reproduction of proteins, mitochondria, ensyme*, genes, and 
viruses are as httlo understood and equally challengmg The problem of 
mahgnancy becomes one of syntheaiB mvolving the problems of doieloproent 
as a a hole Clarifioatlon at any pomt is likely to throw light on the whole 
interrelated structure/ 

The outstandmg feature of malignancy is that tumor growth is uncontrolled 
m relation to the host and shows httle or no orgamiation withb itself It is 
remarkably like that of normal tissues cultivated outsido the body which grow 
in the same inchoate manner, tending to form margmal raotastases and ex- 
hibiting a similar apparent decrease m degree of differentiation In the sense 
used by Child (1916) malignancy becomes physiological isolation 
/ Oroicih conlrolbng and orgamanff forat Hie nature of the agency con 
trolling and orgnmsing the growth and multiplication of cells m an organism is 
obscure although its existence seems to be established (Bumott, 1939) In the 
organism each cell develops in conformity rnth the character of its surroundmgs 
Cues are dccidely of supra-cellular ongm (Il’ciss, 1940) The unlimited pro 
liferation when cultured tn vitro, the definite limits to growth of an organism 
under optimal nutritional conditions, the limits of growth and nature of re- 
generating tissues, and above all the growth rate curves characteristic of all 
organisms and of their constituent parts all indicate a subordination of cells 
withm the organism to a control by the whole 
Various suggestions have been made concemmg the nature of the controlling 
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agency but they suffer generally from vagueness and intangibility verging on the 
metaphysical These, the field theories of embryology (Weiss, 1935, Wadding- 
ton, 1935) have an undoubted descriptive value and are sjunbolic of a real 
quality of the organism, but the only attempts to translate the philosophic 
conception into chemical or physical terms, the metabohc gradient (Child, 1941) 
and the electro-dynamic theory (Burr and Northrop, 1935), have not met \\uth 
read}"^ acceptance Yet it is starthng to see the pattern of an organism change 
under the impact of a single substance, such as thyroxin upon amphibian meta- 
morphosis The field idea remams potent 

Field action may be considered as a tendency toward a certam equilibrium 
(Huxley, 1935) Even the mathematical rules governing the rate of regenera- 
tion bear a resemblance to those governing the restoration of electrical equihb- 
iium between two regions at different potentials (Przibram, 1917) A limbbud 
grafted in abnormal position after the dorsoventrahty is determmed wll undergo 
a gradual rotation tovard a normal onentation, now that it is no longer suffi- 
cienth plastic to have the polanty of the whole imposed directly upon it (Harri- 
son, 1921) YTiether or not the controlling agency is a product of the cells it 
controls, cells pr cell groups in an organized system acquire something distinctive 
of their position m the system 

It is commonlj’’ the case in regeneration from fragments for the regenerating 
tissue to proceed at a steadily decreasmg rate until the ongmal piece comes to 
occupj"^ the same relative position m the nev organism as it did m the old In 
a significant number of cases there is a precision to a degree far beyond any 
biological need and unrelated to xusible structural expression (Allen, 1921) 
Fiagments of Hydra, placed more or less m contact, shde mto positions so that 
each piece reoccupies approximately its ongmal level in the organism (Papen- 
fuss, 1934), vhile m everted Hydras the cells of the inner and outer laj^ers slide 
between one another to regain their proper respective positions (Roudabush, 
1933) Dissociated sponge tissues exhibit similar phenomena (Wilson, 1911, 
Bnen, 1935, 1937) These examples are admittedly from lowly organisms but 
it IS only in organisms of an order of size v ithm range of cell dimensions that 
such phenomena can be expressed 

To what extent is this quality related to cell specialization^ It is evident 
from the beha^^or of Hydra fragments and sponge dissociates that like cells and 
like tissues mutualty adhere, and repulse unlike cells and tissues, w^hile e\ en 
homologous cells and tissues fail to cohere when taken from different species of 
sponge (Wilson, 1911) or Hydra Specific and even racial differences in amphib- 
ians and in mammals maj”^ inhibit successful transplantation of tissues m mature 
animals, although embiyonic tissues from different classes of vertebrates maj 
be grafted together at least for a tmie In amphibians a tissue incompatibility 
dev^elops finallj that significantly inhibits even autologous grafts (Hams, 1941) 

It IS significant that mammarj'' tumors of mice exlnbit similar compatibility 
phenomena, grafts within a given stram attaining almost 100 per cent success 
but vei} few to mice of another stram (Lewis and Lichtenstein, 193G) Barnes 
and Furth (1939) found that a mouse tumor origmating m the reticulo-endo- 
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thclml system could be transplanted to e\ cry mouse of the ancestral leulvemrc 
stock but to no mouse of the ancestral non leukemic stock, although it would 
grow stcadilj on chick allantois somewhat similar situation exists for cellular 
constituents llTule gonadotropic hormones of amphihm seem to bo wathoiit • 
specific effect, there undoubtedly exists a species spccificiU The effectiveness 
of the hormones m a foreign species tends to rmn directly with the phy logcnctic 
proxitmty of donor and recipient, and the anbbodt naturepf the sera is probably 
produced as an immune reaction to a foreign protein (Greaser and Gorham, 
1039) 

Tlieprotem basis and uniqueness tmdcrlymg such phenomena probably relate 
m some way to tho nature of the controlling agency \ ot during dey clopmcnt 
the eontrollmg system precedes cell and tissue spccinliiation 

If mahgnancy is to be considered as a loss or weakening of the control of cell 
nctmty by such a system it is improbable that one cell should alone escape from 
the control Multiple foci should be the nile rather than the CNccption If 
mahgnancy is primarily due to a weakened control rather than an intnmnc 
change in tho cells, transplantation of tumor cells to normal healthy hosts of the 
same species and race should fail to perpetuate tho malignant growdh Such 
grafts should bo mcorporoted or absorbed by tho hast syatem 
In frog embryos derived from oyempe eggs tumor like growths dey clop early , 
oyerrun and kill the embryo within a tew davs (Witschi, 1931) This and re- 
lated phenomena led to on attractne speculation by Needham (1930) that 
oyempeness ot the egg leads to an upset of sterol metabolism, in turn leading to 
deyontion of sex hormones upsetting the sex ratio uncontrolled liberation of the 
embtyome evocator resultmg in monster formation and tho production of 
chemically related carcinogens leading to epithchomata 
More recent work confirms tho observation that while multiple tumors do 
doyolop m the primaiy host embryos they are due to a true weakening of the 
embiyomc individuation field and n general reduction of prohferation rate The 
tumors are the products of those cells that conUnue to diynde at the normal rate, 
multiplyung more rapidly than adjacent tissue and so assummg the form and 
effect of tumors (Bnggs, 1040, Bnggs and Bemll, 1941) When such a tumor is 
grafted mto cquiyalent embryos of the same species it grows at the same pace 
as the surroundmg tissue, loses its papillomatous character and is slowly ab- 
sorbed by the host like many other grafts of normal tissue 
Weakness of extrinsic factors in the embryo therefore leads to a real malignant 
behavior by some parts, but there is no mtrmsic malignant quality m the tumor 
tissue that can be expressed in a normal system 
? Hxtlo^tnena and tumor exlracli There is considerable evodence that histo 
differentiations generally detelop accordmg to location m tho system Position 
effects must operate so that a cell is directed along or made to select among its 
repertoire of potential specialisations The yancty of special types yancs with 
each kind of organism, but each kind remains distinct without gradmg mto other 
types 

While the study of regenerates emphasises the impact of position upon cell 
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destiny, an alternative mechanism is present m developing eggs, especially those 
of determmate or mosiac type 

It IS generally considered that the inductors of vertebrate embryos are diffusi- 
* ble chenucal substances In the case of determmate eggs such substances arise 
precociously before significant diffusion becomes necessary, and are known as 
“organ-formmg substances” (Ckmkhn, 1905, 1929) Primarily they are spe- 
ciahzed regions of the egg cytoplasm that are able to mduce such rapid histo- 
genesis that cleavage m these temtones becomes inhibited and is himted to a 
few divisions (Conkhn, 1905, Bemll, 1935) The mductors are hberated or 
activated at the time of rupture of the matured egg nucleus and resultmg mix- 
ture of nuclear sap with the cytoplasm 

The mductor m amphibian embryos is considered by some to be a sterol 
(Waddmgton, Needham, 1936), by others tp be protem (Barth and Graff, 1938), 
but more recently Holtfreter (1942) finds that all known agents act mdirectly 
by causmg cells to release the active substance the nature of which is completely 
obscure 

Sex hormones appear to act histogenetically and are known to be steroids 
They are produced by gonadial tissue, even that of echmoderms (Donahue and 
Jeniungs, 1937) producmg estrm as m the case of mammals and other verte- 
brates Tissues m widely different parts of the body respond to these cnculatmg 
secretions According to Bums (1938) the sex mductors of amphibian larvae 
are identical with the sex hormones of the adult, and m these young forms they 
act through diffusion from cell to cell as do the mductors m the embryo Each 
component of the developmg ovotestis secretes its own hormone, to which it has 
a specific growth response The hormone diffuses mto the other component and 
the one that finally ovemdes determmes the sex Such substances are not 
specifically histogenetic since they anse m and affect tissues already more or 
less specialized But it is significant that relatively speciahzed tissues secrete 
specific substances that promote the growth of the parent tissue A similar 
case IS the production of biotm by yeast, stunulatmg but not necessary to the 
growth of yeast 

The tissue response m these two instances is much hke that of the circulatmg 
hormones The immediate response m every case is an mcrease of proliferation 
m the tissue sensitive to the hormone In most cases there is a specific dif- 
ferentiation The specificities however appear to be associated with the re- 
spondmg tissue rather than the mductmg substance The mductmg steroid is 
m the general circulation, reachmg all tissues, but only certam related tissues are 
sensitive to it, while the histodifferentiation response is specific to each tissue 
responding It is difficult to determme whether the specific differentiations are 
mduced directly by the steroid or by the steroid-mduced proliferation 

Hormones generally may be considered as tissue extracts, some ongmatmg m 
what appear to be residual tissues whose primary functions have been lost 
(Huxle}’’, 1929), for example, thyroid from endostyle Expenmental support for 
this concept comes from Helff (1926) who found that perforation of the frog 
operculum enablmg leg emergence is due to a hormone produced by underlymg 
deceneratmg mUs, and less intensely by tissues m general undergomg histolysis 
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Zuokerman (1940) concludes that the idea of speoifio action of estrogenic 
hormones must bo abandoned He suggests that true MuUenan tissues respond 
bv glandular proliferation and the epithelial metaplasia and stratification is 
anatomicaily a response of tissue m whose development estrogen-sensitive smus 
epithelium has played a part 

The response is however even more general Estrogen accelerates and m 
tensifies the breakdown and ossification of growing cartilage, whereas the thyroid 
hormone increases prohferation and differentiation, with retarded ossification, 
of the same tissue (Silberbcrg, 1939) Histospccific responses appear therefore 
as the result of mtensifications or retardations of each respective tissue cycle, as 
m the response of feather follicles to estrm and thyroxin (Lillie and Juhn, 1932) 

Tissue cultures m vitro exhibit a loss of visible differentiation, related to the 
enhanced prohferation rate This might be called dedifforentiatlon except that 
such tissues redifferentiatc only their respective original character upon reim 
plantation ^trangeways, 1924) Mitobc multiplication mhibita the full ex 
pression of cell character, just as enforced differentiation inhibits cleavage (Ber 
nU, 1936, Bloom, 1937) 

Something persists through successive divisions m spite of the ioss of structural 
and secretory indices, that mamtains specific character Either irrevereiblo 
changes occur in the nuclei of specialized cells even though nuclear equivalence 
has been demonstrated m earlj developmental stages, or some substance is 
produced in the cell durmg the original differentiation that is not only an associ 
ate of its particular tjqie of specialization but can act as an mductor of that 
special tjTic It may act directly on the cydoplasm or indirectly through nuclear 
activntv 

Tissue maintenance factors and the so-cailed organ formmg substance of eggs 
mav be identical and in effect be specific cytoplasmic selectors of nuclear reper- 
toire, formed m the first place bj nuclear reaction with relatively indifferent oyto 
plasm under the influence of a supracellular selector 

Malignant tissues frequently have been desenbed as dedifferentiated or havmg 
reverted to an embryomc condition In view of the real state m tissue cultures 
however it is clear that the high proliferation rate of tumor cells has n sinulsr 
effect upon visible differentiation 

The question whether malignant cells hav e lost or gamed somethmg is relevant 
here, although it raises almost ev ery aspect of cell function and constitution 
Many instances are recorded of normal secretory functions persistmg m malig 
nnnt tissue Mouse hepatoma secreted bile m primary and transplanted tumor 
(Strong and Smith, 1930) Fibroadenomata of rat breast secreted milk (Gtauer 
and Robinson, 1932) Cartilage tumors produce a more or less normal ground 
substance (Purdy, 1938) 

It IB evndent that mnhgnnncy in itself docs not necessarily mask or destroy the 
basic cell character If malignancy is the expression of somethmg lost from the 
cell, the loss appears to be unrelated to the determinant of cell type 

The most stnking examples of histogenetic tissue extracts come from malig 
nnnt tissue itself The reason for this is obvious Malignancy implies un 
limited growth If to this is added a histogenetic effect, this effect will be ex 
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hibited on a relatively enoiinous scale, although the malignancy has geneially 
tended to overshadow this other quality The transmission is exact, the same 
cell types, macroscopic features, etiological habits and degree of malignancy aie 
induced by cell free extracts in the host as they^ appeared in the ongmal tumor 
The most obnous cases are those of tumors with the moie striking histological 
character such as cartilage or bone Cell fi ee extracts of chondrosarcomas and 
osteochondrosarcomas of the fowl transmit their specific histology as well as 
malignancy (Rous, Murphy and Tytler, 1912, Muto, 1915, Fuith and Breedis, 
1937) Similar induction of malignancy together inth specific histological 
character by cell-free tumor extracts has been demonstrated m mice (Pai'sons, 
1936) and with less certainty m the frog (Lucke, 1938, Bnggs, 1942), the former 
case from chemically mduced pnmaiy tumors 

Mahgnancy m this light becomes one of the many properties of a cell induced 
in host cells by its noncellular extract Similar extracts of nonmalignant cells 
might have similar mduction properties, but without simultaneous conveyance 
of mahgnancy and consequent growth they remain mdetectable 

Both components of a reacting system must be considered Specific mduction 
IS to be correlated with a specific response There appears to be a defimte 
relative sensitivity of host tissues to extracts of related tissue types (cf Barnes 
and Furth, 1939) Specialized cells are apparently unable to undergo true 
dedifferentiation or to acquire the power to redifferentiate along new Ime The 
least specialized cells are likely to proliferate most smce specialization and mito- 
tic activity seem to be competitive exercises Othens'ise the induction-response 
system appears to be fairly definite In chick embryos or membranes mduction 
by sarcoma extract occurs onlj'’ when m contact with mesodermal tissue In 
adult fowl connective tissue cells react to sarcoma extract to reproduce the 
particular type of sarcoma extracted The response is chiefly from sites of tissue 
derangement such as actively functioning ovary when injected intravenously 
or along the path of mjury when mto breast muscle Muscle from suscep- 
tible fowl absorbs Rous tumor I agent, muscle tissue from nonsusceptible and 
nonmesenchymatous tissues from susceptible fowl do not (Claude and Murphy, 
1933) Fowl endothehoma extract acts upon endothelial cells (Begg, 1927) 
According to Schiller (1937), a carcinomatous center mfects adjacent epithelium 
but not connective tissue The mammalian reticuloendothelial system reacts 
to extracts of lymphosarcomas (Parsons, 1938), while m frogs ex-tracts of kidney 
adenocarcmoma appear to mduce similar carcmomata m growing kidney tubules 
of other mdividuals (Lucke, 1938, Briggs, 1942) Lyophyhzed filtrates of mouse 
mammary tumor taken by mouth induce mammary tumors m Ax strains 
(Bittner, 1941) 

In general there appears to be a relatn''e sensitmty to tumor extracts of 
those less specialized tissues most closely related to the tumor tissue type To 
this extent there is a close parallel with the endocrme-tissue reactmg systems, 
and the problem may be one and the same 

Induction by tumor extract has been considered to be species specific, both for 
birds and frogs If the parallel between the tumor extract reaction and sex 
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hormones renction is sigmOcant species specificity is to be associated with the 
earner or protein component rather than the hpoid element Tissue specificities 
develop dunng the course of development (Hams, 1941) Tissues can be 
blended m earl} stages that mutuallj reject one another at a later period 

Houa sarcoma extract normalH fails to induce any sigmficant response in 
ducks, but when massite mjections are made mto newly hatched ducldings 
malignant disease is mtoked Resistance becomes complete withm a day or 
two of liatching The question of susccptibihty and resistance to tumor extract 
IS probabl} ns closely associated with protem specificities as is the degree of 
resistance to the grafting of normal and mabgnant tissues Duran Rcynals 
(1942) reports more than an adaption of fowl sarcoma extract to ducks. In the 
chick the agent induces sarcomas and lympbosarcomas especially of hver and 
spleen but m the duck the same agent when successfully adapted produces mde 
spread tumors of skin and digestive tract, and also growths m the skull, ribs and 
muscle, that is, pnrannlj affecting epithelial and to a lessor degree mescnchj 
mntous tissues. Adaptation to duck results m chick incompatibility, and the 
same procedure is necessary to produce reactions in the chick as is necessary to 
overcome duck resistance In the first place The duck modified agent now 
produces m the chick multiple bone tumors from penosteum and endosteum that 
mvado the marron cavntj , also inducmg nonmahgnant new bone in the non 
mvaded parts 

The question ansos w hether the agent is actually a histogenetio inductor whose 
specific type IS alterable or whether it merclj stimulates vnnous tissues, accord 
mg to their constitution to proliferate and produce their respective growth 
tv pcs 

3 Tcralomala Teratoma Is among the most complex and challenging 
phenomena of raolignancv It mnv be defined ns tumors exhibiting httio or no 
orgnniiation but containing mnnv of the spccioliied tissue tj^pes The phenom 
enon goes to the base of the problem of histogenesis and Is clearlj ono of a mabg- 
nant tumor exhibiting in part epigenetic development The problem is three- 
fold how do the spccialiied tissues arise, what is the eigmficance of the apparent 
aliscncc of organisation, and what is the significance of the malignant diameter 
of the growth An adequate answer to all of these would raise embrjxilogj to 
the status of a classical science 

Harron (1910) desenbed pineal teratoma ns consistmg of muscle fibres, goblet 
cells, cartilage, bone, glandular, squamous and columnar cpithelia Similar 
tumors arc rejiortcd arising m thvroid (Putsch and Jvelson, 1935) and suprarenal 
tissue (Gcschiclitcr, 1936), and more generally from gonndlal tissue of either sox 
31io limited mixed tvpes usunllj contaming cartilage desenbed for the palm 
(‘'imnrd 1937) breast (Uinklej and Stewart, 1940) and liver (Bullock and 
Curtis 1925) are probablj aspects of the same phenomenon 

Teratoma testis has liecn produced exiicnmenfnllv bv a number of workers 
(Bngg 1030,Falin 1010) through the combined action on the testis of zinc salts 
and normal or injected sex hormones According to Clmmpy and Lav cdln(1939) 
seminomas and embrvemas nuiv lie induced bv almost complete removal of the 
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testis A typical tumor consists of a stroma of embryomc mesenchyme which 
forms hyalme cartilage, often replaced by bone of endochondral ongin, and 
muscle, glandular ducts Imed wuth goblet cells or columnar epithelium, islands 
of keratimzed stratified epithehum, feather follicles wnth feather germs, and 
medullated and nonmeduUated neurones, wnth obvious areas of carcinoma and 
adenocarcmoma Needham (1936) compares it to the chaotic condition when an 
individuation field is thrown out of existence, when a “field” at some point fails 
to control evocator (mductor) substances Fahn (1940) considers that at the 
site of zmc mjection necrohormones, trephones, etc , are liberated dunng cellular 
dismtegration that act on plunpotential testicular cells like the mductors or 
evocators of embryos, and that lagging or misplaced gonocytes are responsible 
for all teratomas He cnticizes Michalowsky's (1932) suggestion that teratoma 
testis anses from spermatogoma and that the spermatogemc cells of the tubules 
approach the ovum m capacity He finds it necessary to assume parthenogenesis 
of spermatogonia and finds it difficult to account for teratomas elsewhere 

Accordmg to Holtfreter’s recent work (unpublished) the embrjmnic mductor 
responsible for neurulation is hberated from damaged cells, as imagmed by 
Fahn, but this inductor is not considered by embryologists to mitiate develop- 
ment as such, nor is parthenogenesis conceived as applying to any cells other 
than fully grown ova m the throes of polar body formation Experimental or 
natural parthenogenesis has never been observed in oogoma or partly grov-m 
oocytes 

Two lands of cells have the capacity for complete or partial development, fully 
mature ova and entirely unspecialized totipotent cells These tj-pes are poles 
apart and their confusion is responsible for much loose terimnologj' used m the 
interpretation of teratoma 

Spermatozoa and mature ova are each m their owm way extremely highly 
specialized types of cell It is part of the special nature of the fullj formed egg 
that when properly stimulated it undergoes rapid segmentation as a consequence 
of its large size, and simultaneously undergoes a senes of specialized form 
changes associated with regionally developed special cytoplasmic differentia- 
tions (cp Needham, 1933, Bemll, 1936) Together these produce the embryo 
with its pecuhar characteristic early stages Immature ova lack both properties 
and have no capacity as such for development To speak of parthenogenetic 
development of either oogoma or of spermatogoma is m terms of embiyology 
nonsense 

There is presumably a phase, however, m the production of 6ogoma and 
spermatogoma when the cells are entirely unspecialized, before even their respec- 
tive destimes to produce oScytes and spermatocytes have been determmed 
Such unspecialized types of cells may exist m many parts of the body In lower 
vertebrates and most mvertebrates unspecialized tissue consistmg of multipotent 
or even totipotent cells occur throughout the orgamsm, and are responsible for 
the regenerative capacities of these forms Except for the progressn e speciali- 
zation of tissues m higher vertebrates, there is no o pnon reason why such 
unspeciahzed types should not persist locally and m small numbers in these as 
well 
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Under certain circumstancea sucli cells or cell groups are capable not only of 
regenerative development, as m amphibians, but of total doielopment as in 
tumcatca The course and conditions of development however are not the same 
us those of developmg eggs Physical or physiological isolation from the parental 
organism is essential for total development in the one case, similar isolation of the 
part from the whole is necessarj m the other Then if prohferating cells are 
able to adhere together and are contmouslj suppbed 11101 adequate nourish- 
ment, development of organized differentiating structure proceeds It is neces 
saty to emphasize that m the absence of a relativelj largo quantitj of material 
to start with, as is present m even the smallest egg these cells divide because they 
have grown beyond the normal limit and are permitted to do so by their im 
mediate cellular environment The mvocation of mduotors or evocators is 
neither more nor less serviceable than it is for all malignancy They may be 
necessary to account for cert am kmda of histogenesis e\ en m teratoma but onlj 
of histogenesis of cells already present or roultipljing They do not account 
for growth itself 

In virtually everj account of teratomas the fact of malignancy is more or less 
taken for granted, the assumption being that parthenogenesis of mature ova m 
the ovary, or the miscalled parthenogenesis of Sogoma and spermatogoma, 
account for the type of growth Distorted development may bo explained by 
the abnormality of the site of development, but teratology is not mabgnnnoy 
Either raahgnancy develops m one or more tissues as development proceeds, 
which is conceivable, or mahgnancj exists from the begirmbig and development 
IS Its outcome 

There is little doubt that on occasion mature ova develop parthenogeneticallj 
m the ovarj , for the most part forming benign teratologlcal growths Under 
abnormal developmental conditions spontaneous malignant changes might 
well take place m one or more tissues The problem would be that of spontane 
ous tumors generally 

In the case of teratomas appealing at other sites parthenogenotic development, 
even if It had meanmg here bej-ond mere proliferation, would fad to account for 
the growth Totipotent or multipotent cell groups do not grow or develop 
unless isolated m a real though not neccssaril} physical sense from the rest of the 
organism Otherwise the} do not grow except as an orderl} constituent of that 
organism, and when grafted elsewhere become resorbed Growth of non-ovnnan 
teratomas must accordingly bo malignant growth from the \ cry begmnmg The 
problem therefore is that of the malignant change itself and of the peculiar tera 
tomal development that follows To a considerable extent it is a matter of 
emphasis 

If a malignant change occurs m a relatively unspeciahred cell one of several 
ways ma} bo taken Slight specialization mvisibly axpressed ma} result in 
spindle cell sarcomas, as from fibroblasts, and m the case of tumors of the testis 
seminomas arise probabl} from cells already too specialized to be multipotent 
Cells entirely unspeciahred ma} become actual rather than potential sperma 
togonin b} virtue of their location If such cells become malignant the} may 
mnccivably merel} proliferate without other change of character, appearing as 
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Bemmoma types or even as so-called chononepithelioma On the other hand 
it IS clear that malignancy so affects any cell that it behaves as if isolated from 
the organism If multipotency or totipotency is innate m such a cell, and if all 
nutntive requirements for unlimited growth are met, as they are, the conditions 
for the expression of an}-^ mdependent developmental capacity are fulfilled 

If, IS important to emphasize once more the dissociabiht}'- of fundamental 
developmental phenomena, histogenesis, cell multiplication and growth, and 
morphogenesis (Needham, 1933) Histogenesis ma 3 ’' be considered by itself 
One of the major m 3 'stenes of development is the mechanism by which an in- 
different cell gives nse to a progeny of diversely differentiated t 3 Tpes More is 
known of the mduction of neurones from such cells and aU that is certam here is 
that the mductor can be hberated from damaged or necrotic cells b 3 '^ an unrelated 
variety of agents But the products of necrosis do call forth neurogenesis 

In a growmg mass of indifferent cells, among which many must be degenerating 
and d 3 Tng, necrotic by-products must be plentiful and healthy cells of mdifferent 
type may be induced to undergo initial segregations mto a few simple types 
These may m turn mteract or follow through their own respective destinies of 
further segregation In any case the histogenetic situation is comparable to 
that of embryos and the problem of tissue segregation one and the same Obvi- 
ously the mahgnant quality does not inhibit the formation or existence of the 
various cell types 

At the same time it is impossible to ignore the existence of certam rudiments 
of organization, and while orgamzation itself requires explanation, even rudi- 
mentary orgamzation may account for histogenetic segregation without calling 
on necrotic hormones 

In advanced teratoma testis of the foivl feather follicles and glandular ducts 
are defimtely orgamzed structures, and it is evident that certam t3q3es of cells 
are able to cohere and undergo unitary development associated with their re- 
spective t3pe An experimental anal 3 ^s of the general relationship between 
histodifferentiation and mahgnancy m teratomas is greatly needed AU that 
can be said is that the most speciahzed tissues proliferate slowest and are there- 
fore the least mahgnant But the non-transplantabihty of teratomas needs 
further mvestigation It is possible that m the course of tissue segregation 
certam t3pes are able to inhibit whatever underlies the mahgnant quahty, and 
when proliferation is almost or entirel 3 ' suppressed all the latent capacity for 
organization and differentiation withm that mass of cells is expressed, the nature 
of the expression bemg detenmned by the degree of segregation previously 
attamed 

The other evidence of orgamzation is found m the earliest stages of teratomal 
growth and m its essentials is amazingly similar m renal (Masson, 1938) testis 
and some ovarian tumors (Peyron, 1939) Masson has given clear account of 
the development of nephrogemc tumors, vhile Peyron's descnptions, as distinct 
from his interpretations, demonstrate the essential sumlanty of testis teratoma 
development According to Masson blastematous cords of the kidne 3 ’’ giv es nse 
to minute vesicles which he considers to be the sole and earliest tissue of ongin 
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of the nephrogenic tumors Each \eaicle buds off other resides or cell masses 
which give rise progressivdy to a group of teratomatous tissues, indudmg 
neurons, striated muscle and nephrons He concludes boldly tlmt the origin 
of the blastematous cords from the ncuroepithelium of the embryo accoimts for 
all the cell types encountered except muscle and nephron and that tlicrefore m 
the crabrj o certam muscle and nephrogenic tissue must come from the meseo- 
todorm of the neural crest and not from the mesentoderm, thus reversing the 
trend of mterpretation from embryologj to tumors 1 It is implied that conse- 
quent on malignancy certain cells of neural crest ongm progressii ely segregate 
into their prospective histological tjiies Then fate had already been somewhat 
deternuned so that multipotencj persists, rather than the tipotencj of pros 
pecthe spermatogonia 

The formation of vesicles that in turn bud off other i esicles and cell masses is 
common to both testis and kidney teratomas and must represent orgamiation of 
a kind Peyron considers those of testis to be blastocj’sts budding as m pol> em 
bryony and givmg rise to chonoplacental masses, embryomas, and much malig- 
nant chonoma stages and tissues plausibly named only if an origin from true 
porthenogenetic o\a 18 lahd This cannot be established 

In those forms, e g , ascidians, where a comparison con be made, there is a 
profound difference beta ecn the development of an egg and that of a group of 
totipotent indifferent cells (Bemll, 1941) The egg clear cs to form a blastula, 
gastrula, tadpole laira etc , before transforming finally mto a mmiature adult 
The somatic cell group in contrast multiplies and forms a small vesicle which by 
extensions, foldmgs and subsequent histodiffcrentiation develops directly into 
a similar minmture adult vsathout passing through any of the so-called histoncal 
phases of development 

Blastocysts, embnonio discs fetal membranes belong to “histoncal” aspects 
of egg development, bowov er esscntml they may actually bo for normal develop- 
ment There is no more reason to expect development from unspecialised cells 
in a mammal or bird to yneld the early stages of egg dev elopment than in the 
loner chordates It is more reasonable to compare the pnmarj vesicles of 
teratomas with the pnmary vesicle of asexual ascidian development Totip- 
otent cells of higher vertebrate if able to develop at all might be axpccted to 
exhibit features comparable to the primary phases of bud dev elopment than to 
those of any developing egg 

The repeated v csicular budding and final disintegrations mnv noil bo the result 
of malignancy The follonmg descnption of teratoma may nccordmgly be made 

The malignant qualitv acquired by one or a group of indifferent totipotent 
colls of probable epithelial pedigree acts as an isolating factor in relation to the 
rest of the organism enabling it to exhibit whatever developmental potency it 
may possess Proliferation begms, uncontrolled by the parent organism as in 
the case of mahgnant grow th generally Jlorphogencsis liegins vntli the forma 
tion of a small v esicle Either bv vnrluo of its tissue environment or more hkelv 
because of the mnate new quality of its component cells the eystem breaks down 
first by segregating daughter v esicles and cell masses and then by complete dis- 
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integration The various cell strains initiated by this effort express the primary 
malignancy m vanous degrees, the least structurally speciahzed cells ret ainin g 
the highest multiphcation rate and therefore becoming the most mahgnant, such 
as epithehoma 

The origmal mahgnant agent mduces development and at the same tune is 
responsible for its subsequent breakdown 

Tumor tnduciion One of the most confusmg aspects of mahgnancy is the di- 
versity of the agents capable of mducmg it, radium, x-ray, ultra-violet, polycychc 
hydrocarbons, sex hormones, tumor extracts, butter yellow, arsemc and viruses 
We are faced with two alternatives Either each land of agent produces its own 
pecuhar change m the cell and a large variety of quahtatively different changes 
enable cells to behave as though isolated from the parent organism, or, directly 
or indirectly, every such agent mduces finally the same basic change in a cell, 
that IS, a variety of stimuli call forth one and the same reaction It is relevant 
to recall that many chemically and physically unrelated agents similarly evoke 
one and the same organizer response m amphibian embryos, all actmg probably 
through the hberation of necrotic by-products 

Both views are plausible A vanety of agents may in vanous ways mduce 
the same quahtative change m a cell, uncontrolled growth being the result of the 
change m quahty, or a vanety of quahtative alterations produced by the vanous 
agents may call forth the same reaction if they exceed a certam magnitude 

The mahgnant response and the prohferative response of normal cells to a 
disturbance of the condition of equihbnum as m regeneration and tissue culture 
must be considered together Mahgnancy cannot be understood until much 
more is known concemmg both ceU division and its inhibition m tissues Actual 
division of a cell is the climax of a complex process of growth and duphcation of 
a multitude of cell components, while the inhibition of the process m vivo is 
clearly not due to lack of nutntive substances or to any deficiency on the part 
of the cell 

Such evidence as there is suggests that normal cells refram from or are pro- 
hibited from contmumg division by surface conditions, by their relationship to 
one another In a tissue they are under the control of the external agency to 
which they themselves probably contribute Normal proliferation ceases when 
a condition of equihbnum is reached 

There may be much more than an analogy between the mduction of mahgnant 
behavior by chemical agents m tissue cells and the mduction of divisions m eggs 
by parthenogenetic chemicals 

Eggs admittedly are relatively giant cells and anythmg that restores to them 
the metabohsm of normal tissue cells may be expected to start a senes of divisions 
tendmg to restore typical somatic cell dimensions (Whittaker, 1933,Bemll, 
1935) But apart from this there are the sigmficant facts that the most effective 
parthenogenetic agents are surface active compounds such as oxybutyncacid, 
that profound physical or physico-chemical changes occur immediately m the 
egg cortex, and that division asters are apparently induced de novo within the 
endoplasm 
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Since there appears to be a lower sue limit to anj given typo of cell, all such 
cells must necessarily keep growing in order to continue to divide, whether imdcr 
the unpaot of the regenerative stimulus or of a carcinogen The question arises 
whether the cells are mduced to continue growmg and consequently keep divid 
mg to maintain optimum dimensions or whether they are mduced to divide and 
must grow to maintain the same surface-volume ratios 
Tumor cells are generally described as being somewhat larger than them 
normal counterparts with largo nucleoh (Lewis, 1938) It may be significant 
that similar features charaotenio tissues preparmg for or m process of regenera 
tion (Sayles 1931) Nuclei become vesiculate, nucleoli large and multiple, and 
coll sue markedly increased, almost as though an overdnve is established 
Lipoids, mitochondria, sex hormones, steroid caremogens, anan tumor agents, 
and parthenogenetio chemicais are all surface active compounds and may be 
expected to affect primarily cortical or surface oonditions of a coll Any per 
raanent abnormality m cortical regions may well so affect the mtercellular 
relationships of a cell that it may be impossible to attam a state of equilibrium 
Cortical cytoplasm and cortical relationships may be affected directly by ex 
temal agents or mdirectly by factors operatmg through their effect on nuclear 
constitution 

Of the various tumor mducmg agents, radium and x ray almost certainly 
primarily affect the nucleus According to the dosage these produce either cell 
and nuclear destruction, permanent inhibition of mitotic division, or chromosome 
mutation Induction of mahgnancy m somatic tissues occurs with much the 
same order of madence and dosage as in the case of germ cell mutation There 
is m this fact considerable support for Boveri’s theory which so far has neither 
been proven nor disproven 

Obvious chromosomal irregularity is probably mcompatible with survuval 
beyond a few cell generations, but slight irregularity compatible with contmidng 
bipolar mitotic divisions is at least conceivable and yet such cells may be so 
changed that mahgnant behavior results The more recent concept of somatic 
gene mutation does not differ basically from Boven’s chromosome theory All 
that IS required m cither casd is that some mtra or mter-chromosomal change 
occurs that permits continuation of normal division processes and at the same 
time so changes a cell that it behaves as a physiologically isolated unit It may 
bo entirely a matter of chance whether any alteration of this typo mduced by 
X ray, radium or ultra violet leaves the division mechanism ummpaired and is 
of a kind expressing itself as malignancy 
Colchicme apparently affects nuclear diVTsion in a non-differential manner, 
retarding or temporaril} inhibiting tho process during a entioal phase Since 
X rays seem absorbed and produce their dislocation effects during the more 
condensed chromosome phases, a combmed use of colchicine and x ray should 
produce a much higher tumor incidence than the same x ray dosage alone The 
negative result reported by Brues, Marble and Jackson (1940) does not appear 
to bo conclusive 

The chromosome aberration hypothesis, whether in tho form of chromosome 
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dislocations or of gene mutations, raises the general question of the dependence 
of cell character on the persisting integnt 3 ’’ of the i\ hole nuclear constitution 
i\'Iuch depends upon the mterpretation of the a mitosis phenomena Until 
armtosis is demonstrable in Imng cells it is difficult to accept its existence as 
full}”^ established At the same time a pattern tends to emerge from the incidence 
of its reported occurrences In all cases where it is established as a probabilit}' 
the cell tjqies appear to be structurallj relativel} simple but highl}'^ speciahzed 
in cheimcal function It is typical of proliferation m decidua and embryonic 
envelopes of vertebrates, the penblast of meroblastic ova, folhcle cells m the 
ovarj', endosperm, etc , of flovermg plants (Belar, 1928) It is descnbed as the 
tjqiical method of multiphcation of bone cells (Bast, 1921), urodele erjiihrocytes 
(Chanpper and Dawson, 1928), frog ei 3 'throc 3 des (Ferran, 1931) and of mature 
mammahan cartilage (Elliot, 1936) It is suggested by Child (1907) and Elliot 
that it replaces rmtosis vhen the demand for certam requisite metabohtes such 
as oxygen exceeds the suppl 3 " 

Unless amitotic division masks unsuspected examples of endomixis and mtra- 
nuclear bipolar segregation, it must result m quahtativel 3 ' unequal division, and 
smce typical cell character is mamtamed it follov s that onb"^ a partial representa- 
tion of fuU nuclear constitution is necessar 3 ' for the continued amitotic divosion 
and special functiomng of certam kmds of tissue This is m. contrast to the 
need for normal nuclear constitution for dex'elopment and histogenesis and raises 
the whole question of the ongm of cell differentiations and speciahzations and 
their mamtenance Obnously greater effort should be made to establish or 
disestablish amitosis as a fact, or to determme its true nature If it is what it 
seems to be, and if chromosome aberration can lead to mahgnanc3q tumors 
should frequentl 3 arise in the abox'e mentioned tissues They do not as a rule, 
though Butterworth (1937) suspects \-ra 3 ’^ mduced granulosa-ceU tumors of mice 
to arise from nests of folhcle cells after degeneration of ova 

On the other hand there is considerable indirect support for the chromosome 
aberration h 3 qjothesis, vhich m any case is by no means an exclusixe theory 

Accordmg to Ishibasi and Harada (1933) the chromosome numbers in a senes 
of human and animal tumors are m accord with the idea of chromosome dishar- 
mony bemg related to tumor dex^elopment, though the question always recurs 
whether the relationship is a causal one or whether tumor formation and chromo- 
some aberration are both products of some deeper disturbance 

Carcmogemc c 3 ''sticercus C 3 'sts mduce irregular division and chromosome 
abnormahties almost immediately upon application and long before any other 
mdication of mahgnanc 3 ’' can be detected (Mendelsohn, 1935) Mitoses were 
found to be bipolar in spite of a much greater vanabilit3'^ of chromosome number 
than m normal tissues 

Accordmg to Huskins and Heame (1936), the relatively high chiasmata fre- 
quenc 3 ^ of the gonads of cancer-susceptible mice strains mdicates a greater sus- 
ceptibilit 3 ’’ m these strams to mitotic disturbance generally, that the processes 
of chromosome “sphttmg”, spmdle formation and cytokmesis are near the 
borderlme of lack of correlation From the stud 3 ' of maize, Jones (1940) con- 
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dudes that chromosome reallocations genes remoied from some cells and 
replicated in others result in permanent alterations imolving growth, color, 
sue, shape and composition, that it is ‘ now evident whj external agents such 
as physical radiations, carcinogenic chemicals, hormones \mises, parasitic organ 
isms and nhat next can produce the same result as inherited tendencies, either 
by increasmg the frequency of diromosome breaks and relocations or by altenng 
the grondh rcgulatmg regions in the chromosomes " 

Associated with chromosome aberrations is the widespread occurrence of 
multipolar mitoses m tumors As they are not m\ anably present in tumor tissue 
their presence has been considered by many to bo a result of abnormal conditions 
and degeneration withm the tumors, and that cells exhibitmg such mitoses are 
not the malignant cells per tc and haic but a short life ahead of them This of 
course could be true without nccessanly cxcludmg multipolar mitosis as a causal 
factor 

There are two distinct problems does the phenomenon precede malignancy 
or only follow it, and how is it to be mterpreted m itself Only m the case of 
experimentally induced tumors is there much likehood of determining whether 
multipolar mitosis precedes malignancy The eiidencc must mevitably remam 
ambiguous m the case of spontaneous tumors 
The general effect of steroid caranogens on growdh of the whole animal appears 
to be rotardative (Haddow and Robinson 1939) and the immediate effect on 
certain tissues at least is the mduction of frequent multipolar mitoses Smee 
there 18 on an a\ erago a latent period of sei eml months between application and 
first detectable signs of tumor it is virtually iropofflible to consider such mitoses 
the product of malignancy Similarly a high mcidence of multipolar mitoses 
was found to be a more or less immcdiato response to the presence of the Crocker 
oysticercus cysts, although hero agam there is a long latent period between cyst 
infection and tumor origin (Mendelsohn 103-1) 

There appears to be little doubt that in two outstandmg types of tumor in 
ductors the tumors arise from tissues in which cell proliferation has continued 
for n relntiyoly long period with rarying degrees of abnormality Boxen’s 
hyqxilhesis is defimtely supported by the facts and it is impossible to dismiss these 
abnormal mitotic phenomena as mere by products of established mahgnsncy 
It does not follow that tumors arise from the progeny of cells that have 
undergone multipolar mitosis although it is possible Multipolar mitosis may 
lie an extreme case and other cells may react in other and less obvious ways 
Thus according to Heame Creech (1930) m fibroblast cultures exposed to car 
cinogenic hy drocarbons chromosomes showed a precocious sphttmg m prophasc, 
recalling the correlation between chiosmata frequency and mammary tumor 
susceptibility (Huskins and Hearne 1930) 

In general carcinogenic hydrocarbons arc growth inhibitors, non-carcinogenic 
hydrocarbons arc not (Haddow and Robinson, 1939) Similarly there is a 
growth retardation and degeneration and lack of stimulation when mouse and 
rat fibroblast cultures are exposed to mcthylcholanthrenc (Earle and \ ocgthn 
1938) Accordingly there is a probabihty that multipolar nutoses arc more 
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likely to arise through the suppression of a cytoplasmic cleavage than from a 
precocious doubling of the centrosome, that they arise through difiFerential 
retardation 

Boven’s suggestion of laggmg chromosomes with consequent deficiencies or 
reduphcations m daughter cells lies somewhere between the multipolar condition 
and chiasmata formation In the case of multipolar rmtosis chromosome distn- 
bution to daughter cells is likely to be too abnormal for prolonged survival, and 
the two milder types of aberrant chromosome behavior are more likely to be 
compatible with the survival of prohferatmg cells Bipolar mitosis is probably 
a requisite The range of variability of chromosome number m tumors (Ishi- 
bashi and Harada, 1933) suggests laggmg chromosomes and is hard to correlate 
with the types of segregation that would probably follow the multipolar con- 
dition 

The fact that multipolar mitoses are so commonly a feature of mahgnant 
tissues has naturally led to the suggestion that mahgancy is basically a disturbance 
of the centrosomal mechanism (Lewis, 1938) In our present state of abysmal 
Ignorance concemmg the nature of the centrosomal force it is impossible to 
accept or to dismiss this hjqiothesis Fogg and Warren (1940) found shortly 
after exposure of Walker rat tumor to x-ray that centnoles per cell mereased to 
4, 6 and 8 m up to 60 per cent of the cells, suggestmg the predommance of one 
or more mcomplete divisions, bmucleate cells and multipolar mitoses bemg 
frequent If there is a real disturbance of the centrosomal mechanism, it 
apparently relates to their actmty m cytokmesis rather than their rate of 
reproduction 

At the same time there may be a significant parallel between the mduction 
of multipolar mitoses by carcmogemc hydrocarbons and the action of surface- 
active chemicals (cp Tyler, 1941) as mductors of accessory centrosomes in the 
eggs of various marme mvertebrates 

Orderly progressive division of nuclear constituents however is possible with- 
out spindle, plate, or breakdown of nuclear membrane, i e , endomixis (Painter 
and Remdrop, 1939) and may be followed by simultaneous division restonng 
the diploid condition (Berger, 1938) There may also be an eqmvalent division 
of the centrosomes (Polhster, 1939) 

As in the case of the vertebrate “organizer”, the attractive hypothesis of 
chemical mductors of specific structural type has slowly yielded to a non- 
specific conception The cyclopentane rmg and C20 methyl group typical of 
steroids and bile acids are shown to be unconnected with their carcmogemcity 
(Fieser, 1936) According to Morton, Branch and Clapp (1936) one and only 
one structural sunilanty is evident, all have at least four benzene rmgs Either 
four rmgs, or a smgle ring modified by its neighbors, must be present, for benzene 
as such has never been shown to produce cancer Structure apparently cannot 
be the common factor relatmg the carcmogemcity of the various types of hydro- 
carbon, and maybe there is no common denommator Fieser (1938) while more 
attracted to the idea of a definite chemical reaction states that there is no a 
pnon reason for supposmg that hydrocarbon carcmogemcity is not entirely 
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physical Studies on the interaction of polycychc hydrocarbons and steroids in 
surface films (Clowes, Davis and Krahl, 1039) indicate that interfacml forces 
may bo strong enough to penmt the hydrocarbons when present in animal 
tissues, to influence the physiological function of cholesterol and other sterols 

In view of this, the fact that tumor cells have generally a h ig h er hpoid content 
thttn most other types (Yasuda and Bloom, 1032) becomes highly significant, 
especially in view of the importance of hpoids as components of the surface lay ers 
and structural features of cells ns well as m cell metabohsm Lipoids are a major 
constituent of mitochondria and, accordmg to Graaifi (1939), caremogeme hydro 
carbons have a selective affimty for these bodies 

Accordmgly these hydrocarbons conceivably may act as mahgnant agents m 
two ways By so altering, qualitatively or quantitatively, the general steroid 
metabohsm of the cell the processes of mitotic division may be differentially 
affected resulting m aberrant chromosome distribution m some degree, or by 
altenng m some manner the steroid complex so that surface relabonships are 
permanently changed 

It may be relevant that steroids themselves, as estrogen, can induce mallg 
nancy m estrogen-sensitive tissue It is possible, perhaps probable, that the 
induction is mdirect, that overstimulation of the tissues results in an occasionsl 
chromosome mutation or reduplication of a tyrpe produemg malignant behavior 
There is however evidence to the contrary According to Gardmer (1936) male 
mice receiving small amounts of estrogen possess mammary glands resembling 
those of normal virgm females and develop very few mammary tumors, while 
those receiving larger doses show abnormal growth from the beginning and 
develop many mammary tumors There is an implication that mahgnancy is 
the climax of growth abnormality Loeb and his co-workers (1936) emphasiie 
this view in connection with malignancy of the reproductive tract In vagina 
and cervix, with increasmg age, there is a lateral extension of surface epithehum 
leadmg to folds presumably under the influence of estrogens Injection of 
estrogen intensifies and accelerates this process The growth is not localited 
but IS wide and of multiple areas Step by step it passes to a prccancerous (sic) 
condition and to beginning cancer Very simila r phenomena are reported for 
guinea pig pentoneum followmg estrogen injections (LipschOta, 1M2) Wo 
have then this view, widely held by pathologists, that mahgnancy does not anso 
from a simple cell focus but is usually preceded by defimte though vaguely des- 
cribed changes over a relatively wide area of tissue, and final mahgnancy may 
arise in multiple foci This Is supported by the effect of mjections of ceil free 
extract of lymphosarcoma in mice (Parsons, 1038) which produced mass changes 
m the lymphatic system 

Sclf-synthesmng proteins of an ahen type, as in the case of the infective 
papillomata \nrus of the wild rabbit, may stimulate growth locally The 
majority of virus infections, while cxhibitmg a significant organ ajiccificity , hai e 
no such effect and it may be that the jiarticular protem type associated with 
rabbit jiapiUomata affects surface relationships directly or mdirectly whereas 
others do not The heavy protein in this case stimulates infected epidermal 
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cells to abnormal growth and extracts of these induce similar grondhs m domestic 
rabbits (Kidd, 1938) Extracts of these m turn are innocuous, and nhile in- 
ducing antibodies do not possess heavj’- protein in detectable quantit} It 
seems likely that m the domestic form the ^^rus protein introduced m the extract 
IS able to mduce a proliferative response but is itself unable to reproduce m the 
domestic rabbit tissue The pathogemcity of the wild tjqie extract is destroyed 
bj' ultra-xuolet but not its abihty to bind complement, mdicatmg interference 
with its reproductive capacity The occasional mvasive mahgnancj'^ of the 
papillomata may be properly compared with the mduction of mahgnancy hy 
estrogen In both cases mahgnancy may be either the culmmation of a progres- 
sive abnormality of growth, or it maj’^ be a distmct and more or less spontaneous 
malignant mutation m a favorably prohferatmg tissue 
Nature of malignancy factor Whatever the mductive agent may be it is 
probable that the final change m the cell directly responsible for malignant 
beha^^or is of a fairly specific kmd Cell proliferation is itself primarily a re- 
sponse to changmg surface relationships and to place the onus of continumg 
division directly on a derangement of components of the mitotic mechamsm such 
as the centrosome or to accuse genes regulatmg the normahty of mitosis of mis- 
behavior 16 to Ignore the significance of size and growth 
Cell multiphcation implies protoplasmic growth except m the case of most 
eggs, enormous cells, with abnormal surface conditions, capable of subdivision 
mto smaller and smaller cells until cortical and metabohc conditions are returned 
to normal Tumor cells are no smaller and at the most are but httle larger than 
their normal counterparts Cell division must therefore occur when the cell 
size exceeds a certam cntical value, else tumor cells should get progressively 
smaller and disappear A cell divides pnmanly to retam certain volume- 
surface ratios of the whole and of its parts, and ax'^erage cell size can be regarded 
as a form of equihbnum between essential surface activities and the mass of 
matenal This apphes not only to the cell as a xvhole but to all lex^els of its 
protoplasmic constitution An alteration of surface conditions could affect 
the equihbnum so that it is reached at a different value and a larger or smaller 
average cell size imght be established According to Dodge (1937) methyl- 
cholanthrene has such an effect upon yeast cells 
The factor for mahgnancj' must accordingly satisfy the folloxnng require- 
ments It must either, directly or mdirectlj’-, so affect cellular interrelationships 
that cells are constantly endeavonng to attam a condition of tissue equilibnum 
that cannot be reached m the normal tissue environment with their nev cortical 
constitution, or certam cellular components, if not aU, contmue to grow in- 
definitely and contmued cell dixnsion is an mexutable response to increasing cell 
size And it must be intimately associated, if not identical, with the agent 
determmmg the 13^16 of cell differentiation 

Claude (1940) m an anal 3 '^sis of high speed centrifuge extracts of both avian 
tumor tissue and normal embr 30 finds particulate components of an axerage size 
of 70 millimicrons and of the general constitution of a phosphohpid-nbonucleo- 
protem, therefore unlikely to be nuclear fragments In the case of the chicken 
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sarcoma amounts of this sedimented material as small as ICM grams induce 
tiTucal sarcomas upon injection It lias been stated that chicken tumors m 
duced hy carcinogenic hjdrocarlxins could not be transimtted bj cell free ox 
tracts (Mcllnnb\ , 1038) although non infective extracts injected mto rabbits 
produce sera which ncutmhrcd filtrates of Rous sarcoma I (Fould, 1937) Ex- 
penments on a someiihat limited scale however show that there is no funda 
mental difference between the so-called chicken virus tumors and chemicallj 
induced tumors (Amies, Carr and Purdy 1939) Dlbenranthracene added to 
hanging drop cultures of chick embryo fibroblasts and then infinitely diluted 
produced a culture that produced tumors upon mjectlon, tho particulate deposit 
from cell free extracts transmittmg the tumor type readilj Similarly mouse 
sarcomas mduced bj dibenxanthraceno and grafted for many generations have 
j lolded celt free filtrates capable of transmitting the respectiv e tumor types in 
an impreasii e number of cases (Parsons, 1930, 1938) 

Claude’s suggestion that mitochondria are mvolved m the malignant change 
13 plausible They are clo3el> associated with structural differentiation of cells, 
are aotivclj related to surface structure and properties, are mtimatcly concerned 
with manj aspects of cell metabolism, and arc independent self perpetuahng 
units What little evidence there is suggests that the> are concerned m the 
initial dotemunation of cell character (Conklin, 1906, 1929) Thej are disposed 
macellsonstosupph a maximum surface so that the mitochondnal-cj’toplasmic 
interface must be a significant arehitectural feature 
The general rOle of cell division and multiphcation relatii o to malignanoj may 
have been overemphasiied In a limited sense it maj be and probably is, 
basically important since the malignant cell apfiears to be radically and per 
manentlr different from its normal counterpart, and changes of all kinds arc 
more apt to occur durmg the delicate and mtneate procedure of dinsion Yet 
all the I’anous peculiarities of cell multiplication and differentiation associated 
with mahgnancr maj well be the consequences and not the cause of continumg 
protoplasmic growth In a de\ eloping organism growmg tissues maj be under 
going rapid cell multiplication slow multiplication or no cell division at all, and 
j'et the rate of groiiih is the same whatever the degree of ecllulation and follows 
the same curve to end ma “steady state” applymgto the whole (Bemll, 1941) 
The fundamental problem is the nature of the agencj creatmg such on end fiomt 
and the course of growth leading to it It is not a matter of nutrition Malig 
nant tissue grows no faster than normal tissue can when explanted (Schrek 
1930 Hoffmann Tenebaum and Doljonski, 1939), and it is the failure to reach 
stahihtv that is the crux of tho problem MTiether contmumg growth, nuto- 
catalvtic or othermso of a single component such as mitochondria mvolves 
growth of protoplasm as a whole is not known Tumor metabolism is slgnif 
icanth different from that of normal tissues According to Druckrej (1036) 
and Flcischmann (1930) it is tho metabolism of injured tissues, while Dean 
Rurk (1937) defines a tumor as a grovnng glycoljnng tissue vnth a deficient 
respiration The problem seems to be mfinitelj complex and appears to be the 
nature of protein synthesis and reproduction its relationships to ceil surface 
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qualities and general metabolism, and the susceptibility of the whole to the 
inhibitoiy control of oi^ganization, whatever the basis of this may be 
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The last decade has witnessed tremendous progress in the understandmg of the 
processes of carbohydrate metabolism The combmed efforts of many labora- 
tories have resulted m the formulation of a fairly complete picture of the pathway 
of glycolysis m muscle extract and fermentation m yeast extract Additional 
studies on many types of cells have suggested that there exists a common pathway 
mdely distnbuted m nature for the formation of pyruvic acid from polysac- 
charides and hexoses The pjrruvic acid thus formed may be reduced to lactic 
acid, decarboxylated, or oxidized by a great vanety of reactions which are only 
partially understood at the present time 

The frequent occurrence of these reactions, leadmg to the formation of pyruvic 
acid, m nature raises the question as to whether this scheme represents the sole 
pathway for the formation of the key mtermediate pyruvic acid From time to 
time vanous workers have suggested that other pathways, particularly of a non- 
phosphorylatmg nature, are responsible for glycotysis in vanous tissues, especially 
tumor, bram and embiyo 

It IS with these questions that this review will pnncipally concern itself Part 
one wiU consider the evidence for alternate pathways of glycolysis m animal 
tissues, and the question of the presence or absence of phosphorylation m such 
tissues Relevant observations on the metabolism of other types of cells will be 
touched upon m part two 

As a framework for the discussion, the Meyerhof -Embden-Pamas-Con-War- 
burg cycle is presented in figure 1 This senes of reactions, for purposes of 
brenty, will be referred to solely as the Meyerhof cycle throughout this review 
The reactions m figure 1 will not be discussed m detail smce several recent review's 
have covered this matenal (16, 16, 50) 

Students of cellular metabolism are constantly faced with the fundamental 
difficulty of attemptmg to achieve understandmg of in mvo reactions by the use 
of in vitro methods Brei and tissue slice techmques have frequently been used 
to simulate physiological conditions Such techmques have been employed to a 
very large extent m studies on alternate pathw'ays of glycolysis The use of 
breis and tissue shces, although possibly bemg more physiological than the use of 
extracts, mtroduces other comphcations Thus such preparations do not allow 
free diffusion of added substrates, makmg quantitative or quahtative changes m 
' the suspendmg medium difficult to mterpret In addition, the simultaneous oc- 
currence of large numbers of reactions makes elucidation of pathways almost 
impossible The alternative procedure has been to use tissue extracts and to 
attempt to study mdividual reactions by separatmg the components of such 
extracts Such studies, when accompamed by adequate rate studies and tissue 
analyses, can at best give information as to which reactions can occur m mtact 
tissue The best understandmg is obtained only by a comparison of the results 
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of both methods especiall3 with respect to rates intermediate compounds and 
cffecta of inhibitors 

GLYCOGEN + INORGANIC PHOSPHATE 
II (phosphoolftse) 

GLUCOSE-l PHOSPHATE 

II (phospbogluoomutAEo) 

GLUCOSE + ATP , GLUCOSES PHOSPHATE 

II (pboaphohojtoaisomeraBo) 

FRDCTO3E-0 PHOSPHATE 
II (ATP + eniyme) 

FnUCT03E-l 6 DHHOSPHATE 
• II (aldolase) 

TRI03EPH0SPU ATE + INORGANIC PHOSPHATE 

1 "> 

1 S-aLYCERALDEH\DE DIPHOSPHATE 

II (tnosephosphnte dehydrogonaso + DPN) 

1 3 DIPUOSPHOGLYCERIC ACID 

II (eotyme + oden>Iio acid) 

3 PHOSPHOGL'i CERIC ACID 

|| (phoaphoglyccromutnse) 
2-PII03PH00L^ CERIC ACID 
II (onolojfo) 

2 PHOSPHOPYRUVIC ACID 

I (ensytno + adenylic add) 

P\RUVIC ACID 

Fig 1 Meyerhof Embden Pamaa-Con Warburg cycle 

Since certain tj pea of expenments ha\ o been rcpeatcdlj performed to prove or 
dispro\*o the occurrence of alternate pathway's of metabohsm, it seems wise to 



126 


ALBERT DOBFMAN 


analj'ze the literature m terms of types of evidence, rather than types of tissues 
Each group of experiments vnll be analyzed according to the followmg criteria 

1 Does the evidence prove the existence of the Meyerhof cycled 

2 If not, IS it consistent vuth the Meyerhof C 5 ’^cle’ 

3 If not consistent vuth the Meyerhof cycle, does it disprove the existence of 
any type of phosphorylating cycle? 

4 If a non-phosphorylatmg pathway is indicated, does the evidence indicate 
the nature of this pathway? 

Selectivity of substrates The difference m the relative rates of glycol)'Sis of 
vanous substrates by different tissues has attracted the attention of a number of 
investigators Such observations have been partially responsible for the postu- 
lation of differept pathw'ays of metabohsm 

Needham and Nowihski ( 56 ) found that intact five day old chick embryos 
produced lactic acid rapidlj-^ from glucose and mannose but w ere usually unable to 
produce lactic acid from glucose- 6 -phosphate, hexosediphosphate, or glycogen 
This w'ork has been criticized by Macfarlane ( 40 ) on the basis that the results 
w ere due to the fact that the phosphorylated sugars and gl3’-cogen w'ere unable to 
diffuse into the cells Needham and Lehmann ( 68 ) have partially answered 
these objections b3f showing that the added hexosedipbospha^ is broken down to 
triosephosphate, and that this change occurs withm the cells since the suspending 
medium does not contain aldolase although extracts of emblem are rich in this 
enz3’-me 

Me3"erhof and Perdigon ( 51 , 52 ) have recentl3’’ been able to prepare extracts of 
both rat and chick emblems w'hich are able to bnng about the production of lactic 
acid from hexosediphosphate plus p3''ruvic acid in the presence of fluonde, the 
proper coenzymes, and a phosphorus acceptor This finding leaves no doubt that 
emblem tissue contains the essential tnosephosphate dehydrogenase for the 
production of lactic acid from hexosediphosphate 

Needham el al ( 57 ), how ever, have been able to prepare breis wfech wall bnng 
about the dismutation of hexosediphosphate and pyruvic acid on]3' when aden3d 
tnphosphate (ATP), and diphosphop3mdme nucleotide (DPN), are added, but 
will activel3’^ gl3'’Col3’^ze glucose ivithout these additions It would seem as if this 
difference may be due to a lack of adequate phosphate acceptors m Needham’s 
pieparations Thus when hexosediphosphate is glycolyzed, the addition of 
ATP results m its hydrolysis b3’- ATP phosphatase to adenylic acid which can 
then act as a phosphate acceptor and permit the necessai^-^ dephosphoi^dation of 
phosphop 3 Tiivic acid I’iTien glucose is being used, no added phosphate acceptor 
IS necessary smce glucose itself acts as a phosphate acceptoi It would be of 
interest to determine whether an3'- phosphate acceptor could replace ATP in the 
expel iments of Needham 

The failure of intact embr3m to glycolyze glycogen is hardl3’^ significant since 
this observation ma3 be due either to lack of penetration into the cells, or absence 
of the necessar3' phosphoi^dase for the breakdowm of gl3T0gen 

The lack of rapid utilization of the phosphorylated hexoscs and of glycogen 
by brain presents a situation analogous to that in embr30 Thus the earlier 
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work by Ashford and Holmes (2) was done with brain brei, and ir open to the 
cnticism of pcrmeabilitj Recently it has been possible to prepare cytracts of 
brnm (22,23 64), which can utiliie the phosphorylatcd hcxoscaas well ns glucose 
Geiger (22, 23) showed that conrontmted extracts of brain contain an inliibitor 
winch prc\ ents gly coly eis, but on dilution such extracts readily con\ ort glucose to 
lactic acid Geiger's work mdicated that small amounts of liexoscdiplioapliatc 
increase the rate of formation of lactic acid from glucose and that phosphate is 
estenfiod during the course of glucose utihuation Peculiarly enough, he found 
that no lactic acid formation occurred from the intermediate phosphorylated 
compounds of the Meyerhof cycle, although phosphate was required for lactic 
acid formation from glucose Ochoa (04), bower cr was able to prepare extracts 
from bram which utdued the phosphon lated compounds and glucose at about 
the same rate The difference between the results of Ochoa and of Geiger may 
bo due to the lack of phosphate acceptors in Geiger’s preparations since Ochoa 
showed that addition of phosphate acceptors mcrcascrl the rate of gly colysis of 
liexoscdiphosphatc ns well as the rate of dismutation between hcxosediphosphato 
and pyruvic acid 

Tmsuki (79), Matsusala (42), and Hamson and Mellnnby (28) hare all 
donned that tumiir tissue is unable to utilize phosphory lated hexoscs at a rate 
comparable to glycolysis of glucose In contrast. Boy land and Boyland (12) 
have been able to show rapid glycolysis of phospborvlated intermediates by 
tumor extract 

In summary it must be concluded from this group of axiicnmcnts that tumor, 
bram, and embryo tissue contain the rw\ul8ito enzymes for utihzmg the phos 
phory lated hexoses which are intermediates of the Meicrhof cycle 'These ex 
penments then indicate that the Meyerhof cycle can occur m those tissues and 
furnish no ovidonco to mdicatc that an alternate non phosphorylnting pathway 
Is instead operatii o 

Summation Summation expenments hai c frequently been employ ed m de- 
termining whether two substrates arc metabolized via the same pathway If 
tw 0 substrates are gli colvzed by the same enzyme sy stem, then the total lactic 
acid production m the presence of optimal amounts of both substrates should not 
exceed that obtained from the compound used most rapidly However, if there 
is a ditforcnce in gly coly tic pathways the lactic acid production in the presence of 
both substrates should be the sum of that obtained in the presence of each sub 
strate separately It should ho noted however that a difference in just one step 
in gly colysis of the two substrates is all that is necessary to produce ev idencc of 
summation provading that stop is the slowest in the chain of reactions Thus, 
summation between glucose and gly cogen does not indicate alternate pathw ay s of 
glycolysis if one assumes the conversion of glycogen to glucosc-O-phosphatc 
(nn Con ester) or the phosphory lation of glucose to gIucosc-6 phosphate is the 
slow est step in gly coh sis in any particular tissue 

Ashford (3), using rabbitbrainbrei found summation of lactic acid production 
from glucose and glucose monophosphate and from glucose and hcxoscdlphos- 
phntc while ho found no summation from glucose and mannose On the basis 
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of these experiments he concluded that glucose and mannose are glycolj'^zed b} 
the same set of enzymes while glucose and the phosphorjdated hexoses are noi 
converted to lactic acid through the same pathway In these expenments glu 
cose V as used more rapidly than hexosediphosphate The fact that the additior 
of hexosediphosphate, to a preparation glycolyzmg glucose at a maximum ratC; 
mcreases the lactic acid production, can readily be explamed on the assumption 
that under these conditions the phosphorylation of glucose is the slow est of the 
senes of reactions necessarj’’ for lactic acid production The mcrease m rate of 
lactic acid production from hexosediphosphate, above that obtamed from glu- 
cose alone, by the addition of glucose cannot be explamed on the same basis 
How ever, the glucose may speed up the formation of lactic acid from hexosedi- 
phosphate acting as a phosphate acceptor As has been previously stated, 
Ochoa (64) and Meyerhof (51) have shown that the rate of dismutation of hexose- 
diphosphate and pjoTivic acid is mcreased by the addition of suitable phosphate 
acceptors necessaix’^ for the dephosphorjdation of phosphopyruvic acid Summa- 
tion of lactic acid formation from glucose and hexosemonophosphate can be ex- 
plamed on the same basis if one assumes that the conversion of hexosemonophos- 
phate to the diphosphate is a relativel3'^ slov reaction compared to the mitial 
phosphor^dation of glucose An mdication of the possible validity of such an 
explanation is that Ashford (3) obtamed partial summation with hexosemono- 
phosphate and hexosediphosphate Thus it is possible that the results of Ash- 
ford can be accounted for withm the framework of the Meyerhof cj’cle 

Geiger (23) found no summation of lactic acid production from glucose and 
glj'cogen by diluted bram extract 

B E Holmes (30) observed summation mth glucose and hexosediphosphate 
usmg tumor brei, while Boj'land, Boyland, and Greiulle (11) found no endence 
of summation with glucose and hexosediphosphate usmg a tumor extract The 
results of Holmes are similar to those of Ashford, the possible explanation of 
yhich has aheadj'^ been discussed It is of mterest to note that Boyland et al 
added adenjdic acid, which is able to act as a phosphate acceptor Holmes points 
out that the addition of ATP mcreases the rate of lactic acid production from 
hexosediphosphate but not from glucose These observations are consistent 
wnth the mterpretation that the glj’^coljsis of hexosediphosphate requires the 
presence of a phosphate acceptor 

Bumm and Fehrenbach (9, 10) claimed that a difference m glycolytic pathv ay 
exists betveen skeletal muscle and diaphragm These workers, usmg a brei of 
skeletal muscle, observed no summation with glycogen and glucose plus hexo- 
kmase However, with rat diaphragm gljmolyzmg the same substrates, summa- 
tion was obsened Thej’^ concluded that diaphragm, m contrast to skeletal 
muscle (red), has two different pathwaj'^s for dealmg with glucose and glycogen 
The results of these workers can be explamed within the framework of the Meyer- 
hof cycle if one assumes that the mitial phosphorj''latioiis are the slowest steps m 
the process The difference obtamed between diaphragm and skeletal muscle 
maj'^ reflect a greater concentration of phosphorylase m the skeletal muscle 

Although experiments on summation usmg brei do not provide positive en- 
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dence for the exclunv e operation of the Meyerhof cycle, they do not negate this 
possibihty, and furnish no evidence for non phosphorylatmg glycolysis Ex 
penments on extracts of brain and tumor support the mterpretation that gly 
colysis of glucose proceeds through the same pathways as docs glycolj'Sis of the 
phosphorylated hexoses 

Olycenddehyde Much of the evidence in support of non phosphorylatmg 
glj colysis rests on conclusions drawn from the use of glyceraldehj de ns an m 
bibitor Mendel (46) showed that dd. glyceraldehyde at a concentration of 
10^ M inhibits almost completely lactic acid formation by tumor, but has little 
effect on respuation of tumor or normal tissue (liver, kidney, and brain) 
Mendel Bauch and Strehts (47) found that the inhibition bj 1(}-' il glyceml 
dehyde is completely reversed by 10"’ M pyruvate and partially reversed by ns 
little as 2 5 X 10"‘ M pyrut ate Ashford (4) found that df-glyceraldehyde also 
inhibited glucolvsis In the same year E 0 Holmes (32) confirmed the work of 
Ashford, and also showed that the production of lactic acid by muscle from cither 
starch or glucose plus hcxokinasc is not inhibited bj this compound Needham 
and Lehmann (00) found that dl glyceraldehyde mhibited glucoljms and rnannol 
ysis of chick embryo about 90 per cent, and that this inhibition was reversed by 
pyruvic acid 

On the basis of these results Needham (36), Ashford (4), and Tiusuki (79) 
have concluded that dl glyceraldehvde is a specific mhibitor for non phosphory 
latmg glj colysis This vnew has been contested by Adler and co workers (1), 
Bojland and Boylnnd (12) Macfarlane (40), StUlmann (77), and more recently 
by SticUand (74) 

The mterpretation of much of the data on glj cemldehyde inhibitions is diffi 
cult Thus Bojland and Boj land (12), StUlmann (70), and Adler (1) claim that 
dl gh ceraldehj do mhibits the glycolj-sis of glycogen, starch and glucose plus 
hoxokinasc bj various tissues, nhde Needham and Lehmann (36 60), B E 
Holmes (30) and Baker (7) found no such inhibitions The foUowmg factors are 
possiblj responsible for these discrepancies 1 Different concentrations of 
glyceraldehyde have been used bj different workers 2 Lehmann and Needham 
(36) have shown that when dl glj ceraldehj do is dissolved a dimenc form exists in 
solution This dimer inhibits the conversion of glj cogen to Con ester On 
standing, how ov er, a dissociation to the raonomenc form apparentlj occurs, and 
the solution no longer mhibits the phosphorolysis of glj cogen but inhibits glu 
colysis bj chick embryo This finding introduces a difficulty in asscssmg papers 
published before 1938 when this factor was recognised 3 Stickland (74) has 
recently shown that the degree of inhibition of muscle extract, glycolj zmg glucose 
with the aid of j cast hexokmase is dependent upon the concentration of hexo- 
kinase He also found that the critical concentration of hexokmase vanes mth 
different extracts 

Considcrmg the factors listed abov c, certmn general conclusions can be reached 
Glucolvsis of brain, tumor and embrjo preparations is inhibited by low concen 
trations of dl glv ceraldchvdc (below 0 013/) The mhibition of glucolysis by 
muscle extract m the presence of veast hexokmase is dependent on the concentra 
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tion of hexokinase Inhibitions of glycogen and starch glycolysis require much 
larger concentrations of dZ-glyceraldehyde and are probably due to the dimenc 
form 

If lactic acid formation m embrj’-o, brain and tumor tissues proceeds along the 
same pathway as does gtycolysis m muscle, what underhes this marked difference 
m sensitivity toward glyceraldehyde? Meyerhof et al (49) shoved that the 
aldolase of muscle extract will brmg about the irreversible condensation of d 
or Z-glyceraldehyde with dihydroxyacetonephosphate to form Z-fructose or Z- 
sorb(^e phosphates respectively These esters do not give nse to the equilibrium 
mixtures of hexose-6-phosphates Macfarlane (40) suggests that m muscle and 
yeast the amount of dihydroxyacetonephosphate available for combination with 
glyceraldehyde is large, while m tumor, bram and embiyo it is small Thus, in 
muscle, the glyceraldehyde is readdy removed and is unable to bnng about mhi- 
bition, irrespective of mechamsm of the action of glyceraldehyde This viev has 
been contested by Siillmann (77) and Stickland (74) The former found that the 
rate of removal of glyceraldehyde from muscle extract glycolyzmg glj’-cogen is 
insufficient to account for lack of inhibition Stickland pomted out that if 
Macfarlane’s explanation were correct, then the more rapidly glycolysis proceeds, 
the greater should be the glyceraldehyde disappearance, with ultimate lifting of 
the inhibition The opposite was found to be the case, i e , m muscle glucolysis 
proceeded at a much more rapid rate than starch glycolysis, nevertheless, the 
inhibition of glucolysis v as much greater than the inhibition of lactic acid pro- 
duction from starch A second objection raised by Stickland is that if the 
gl^'ceraldehyde were bemg removed as glycolysis proceeds m the muscle extract, 
the mhibition should decrease vuth tune, while in fact he found an increase 
with time 

The work of Stickland (74), Stillmann (76, 77) and Adler (1) suggests that 
cZZ-glyceraldehyde inhibits the phosphorylation of glucose Their observations 
also indicate an alternative explanation for the vanation in tissue susceptibility to 
glyceraldehyde, for inhibition of glycolysis by glyceraldehyde is most stnkmg in 
those tissues m vhich glucose is the pnncipal substrate for glycolysis This sug- 
gestion IS attractive m that it provides a rather simple explanation for the ob- 
served differences between the two groups of tissues The findmgs of Mendel 
(46) and Baker (7) present a possible objection to this mterpretation Both 
workers found that concentrations of glyceraldehyde which inhibited anaerobic 
glycolysis by tumor tissue did not affect the rate of oxidation of glucose by these 
tissues It has generally been assumed that the oxidation of glucose by ammal 
tissues IS dependent upon preluninary phosphorylation If glyceraldeh 3 'de in- 
hibits this imtial phosphorylation, mhibition of respiration should parallel in- 
hibition of glycolysis Three possible explanations of this discrepancy suggest 
themselves The first is that aerobic phosphorylation of glucose may occur 
through a different mechamsm than does anaerobic phosphorylation It is 
mterestmg to note that Loebel (38) and Dickens and Greville (17, 18) found that 
fructose could be rapidly oxidized by bram brei, but is not glycolyzed anaerobi- 
cally Gerard and Meyerhof (25) made a similar observation on nerve A second 
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possibility 18 that glyceraldehj de inhibits the phosphoiy lation of glucoae-tl-phos- 
phate to hoxoscdiphosphate rather than the mitial phosphorylation of glucose 
The latter suggestion is made less likely by the fact that Stickland (74) obtained 
reiersal by a hexokinaso preparation, which presumably estenfiee glucose to 
glucose-fl-phosphate Another objection to this mterpretation is that SQllmann 
(77) found no mhibition of lactic acid formation from glucose monophosphate A 
third possibility is that under aerohic conditions a reaction occurs n hich results m 
the removal of di-glyceraldehyde 

Any explanation of the mechanism of gly coraldehyde inhibition must e^lain 
reversal by pyTuno acid Mendel el al (47), usmg tumor brei, found that py 
ruvic acid reversed glyccraldehyde inhibition of glucolyais. Holmes (32) ob 
served no pyruvic acid reversal with brain shces Baker (7) confirmed the results 
of Mendel with tumor tissue, observ mg partial reversal of gly ceraldehyde inhibi- 
tion w hen the gly ceraldehyde mhibition was complete, and more complete re 
versal at lower glyccraldehyde concentrations She found as did Holmes, no 
reversal of the inhibition of brain gly colysis Needham e< of (00) noted that the 
glyccraldehyde inhibition of embryo glycolysis could be partially reversed by 
pyruvic acid 

The mechanism by which pyruvic acid rev erscs glyceraldehydo mhibition has 
received no adequate cvplanation It is known that glyceraldehydo m large 
concentrations reacts with pvruvie acid (through the mediation of the appropn 
ate enzyme and coeniyme), m the same manner ns does glvceialdehy dephos- 
phate This reaction can romoi e gly ceraldehyde, irrespective of the mechmiism 
of gly ceraldehyde inhibition SOllmann (77) found that the inhibition of glyco- 
gen glycolysis by muscle extract by 0 1 ^7 glyceraldehydo could 1» reversed by 
0 022 3/ py ru\ ate, with lactic acid production This is consistent with the abov o 
explanation However Stickland (74) was unable to find any evndencc of reac 
tion between glyccraldehyde tmd py ruvno acid, when both reactants were present 
m a concentration of 0 003 M 

Another jiossible explanation for the reversal by pvTUVic acid depends on the 
mterpretation that glyccraldehyde inlubits metabolism bv inhibitmg phosphorv 
lotion It 13 possible that the phosphorylation m tumor and embno is Imked 
with the reoxidation of reduced diphosphopyndme nucleotide In such n ease 
the presence of pyTuvne acid might sen e to rcoxidize the reduced diphospho 
py ndme nucleotide and directly or indirectly to ov ercome the mhibition It is of 
Interest to note that Baker (7) found that aerobic glv colysis is more resistant to 
gly ccraldchv do mhibition than is anaerobic gh coly sis The lack of roi crsal in 
brnm, observed by both Baker and E G Holmes, may be due to a diflfcrencc in 
mechanism of phosphory lation in brain 

By the use of partially resolved gly ceroldchy dc, Needham and Lehmann (00) 
showed that the f-gly ccraldoliy de is responsible for mhibition of embry o gly col 
ysis This observation has been confirmed by Jlcndel, Strcliti and Alundell 
(48) working wnth tumor tessue SQllmann (77), working with lens extracts, 
found the d and I forms eqiiallv active Ho worked, however, vnth much 
larger concentrations of glv ceraldehyde 
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Needham and Lehmann (60) also showed that the d-form is changed non- 
enzymatically to methylglyoxal, which is converted to lactic acid by methyl- 
glyoxalase This observation is of mterest in view of the fact that most workers 
have reported that glyceraldehyde inhibition is not complete even at high con- 
centrations Such results are probably due to the formation of lactic acid from 
the glyceraldehyde Baker (7) observed a stimulation of glycolysis m hver and 
kidney which may also be due to lactic acid production from d-glyceraldehyde 
Stickland (74) noted a similar mcreased CO 2 liberation from hver m the presence 
of glyceraldehyde, but found that only a small part of this was actually due to 
lactic acid, determmed chemically He attnbuted the manometnc results to the 
formation of glycenc acid by the aldehyde mutase m hver 

The hterature of glyceraldehyde inhibition has been reviewed in considerable 
detail smce many workers have regarded such evidence as of paramount im- 
portance m provmg that glycolysis m certam tissues does not proceed through the 
pathway demonstrated for muscle extract At this time it is not possible to 
conclude that the work on glyceraldehyde inhibition provides positive evidence 
for the existence of the Meyerhof cycle m the tissues under discussion, but such 
experiments do not necessitate the postulation of alternate pathways It is 
obvious that, aside from certain mmor discrepancies, the inhibition of glucolysis 
by glyceraldehyde is consistent with lactic acid production through phosphory- 
lated mtennediates In no case is it possible to conclude that the work on glyc- 
eraldehyde provides positive evidence for the existence of a non-phosphorylating 
pathway 

Fluonde Sodium fluonde has been frequently used in studies on the mech- 
anism of glycolysis and fermentation The earlier literature on fluonde inhibi- 
tion has been reviewed by Gemmill (24) The mechanism of fluoride inhibition 
has recently been elucidated by the studies of Warburg and Chnstian (81) 
These workers have separated enolase (80), the enzyme responsible for the con- 
version of 2-phosphoglycenc acid to 2-phosphopyruvic acid, and found that its 
active form exists either as the zmc, manganese or magnesium salt The zinc 
enolase is inhibited by hydrocyamc acid, while the magnesium enolase is veiy 
sensitive to fluonde The zmc and manganese salts are also inhibited by fluonde, 
but at considerably higher concentrations The degree of inhibition of the 
magnesium enzyme was found to be dependent on the relative concentrations of 
magnesium, phosphate, and fluonde 

Differences m sensitivity to fluonde have been used by some workers as evi- 
dence to prove the existence of either non-pbosphor 3 dating glj-^colj'sis, or at least 
the existence of alternate pathways of glycolysis Thus Ashford and Holmes 
(2) found that formation of lactic acid from glycogen and from glucose by brain 
brei differ m sensitivity to fluoride They also found that fluonde did not 
inhibit the appearance of free phosphate to the extent expected when glucose was 
used as substrate A possible explanation of these effects is that fluonde in- 
directly inhibits the phosphorylation of glucose by brain as a consequence of its 
effect on enolase Thus, if the enolase reaction is stopped, phosphopyruvic acid 
is not formed and ATP cannot be resynthesized, resulting m the jnhibition of 
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glucose estenfication This interpretation is supported by the work of Ostem, 
Baranowski and Terssakow e6 (06), who found that sodium fluonde inhibited the 
formation of adenosine triphosphate in yeast extract from adenosine and phos- 
phoglycenc acid 

Scharies, Baker and Salter (72) found that 0 05 M fluonde did not affect lactic 
acid formation from hexoeemonophoaphate by tumor extracts Since much 
lower concentrations of fluonde (0 001-0 005 M) generally inhibit glycolj'sia by 
muscle extract these w orkers consider this observation as mdicative of a different 
pathway of metabolism In view of the finding of Warburg and Christian that 
the sensitinty of enolase is dependent on the magnesium and phosphate concen 
tration, it is difficult to rule out the vahdity of the Mej erhof cj cle m tumor 
tissue on the basis of differences in fluonde sensitivity 

Scharies H al (72) also found that their tumor extracts were able to convert 
hexosephosphates to lactic acid, xnth no sensitivity to fluonde at 62° It is 
likely, howcv cr, that in this case the results were due to non-entymio conversion 
of tnosephosphate to methj Iglyoxal which was in turn converted to lactic acid by 
methylglyoxalase It is doubtful whether such a pathway is of any physiological 
significance 

Kerly and Bourne (34), using retinal extracts, found that smaller concentra 
tiona of fluonde are requued for the inhibition of glucolysis than are requuxxl for 
lactic amd formation from hexosediphosphate The explanation of the results of 
Ashford and Holmes would seem to apply equally well to those of Kerly and 
Bourne 

Needham el al (67) failed to observe the expected accumulation of phosphate 
esters during the glucolysis of embryos poisoned with fluonde, although an 
mcreaso m the hexosediphosphate fraction is evident m some of their data. 
Somewhat similnr observations were made by B E Holmes (31), who noted that 
0 001 M fluoride inhibited the formation of lactic aad from glucose, but that no 
esterification of phosphate occurred These results again are consistent with the 
Meyerhof cycle if one considers theposmbilily of indirect inhibition of phoephoryl 
atlon by fluoride 

Needham ci al (67) have claimed that with a chick embryo preparation inhibi 
tion of glucolysis did not occur until a concentration of fluonde of M/50 was 
reached, whilo with the same preparation M/200 fluonde completely inhibited the 
enolase reaction (phosphoglycerlc— iphosphopyruvio) Macfarlano (40) has 
suggested that this findmg may be due to acceasibihty of the enoiaso at the cut 
surface to both the phosphoglycerato and the fluonde. However, when glucose 
IS used ns substrate, the cells must be penetrated by fluonde for inhibition The 
x alidity of such an mterpretation lacks experimental support The observation 
of Needham is unusual m that other workers haie usually found glucolysis 
to be more sensitixo to fluonde than the glycolysis of phosphorylated inter- 
mediates (Ashford and Holmes (2), B E Holmes (31), Kerly and Bourne (34)) 

Werkman and co-workers (83, 80) have shown that Proptomibodinum pmto- 
taceum can be grown on a medium contaimng large concentrations of sodium 
fluonde, and retain the ability to ferment glucose while becommg insensitive to 
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fluoiide Such oigamsms are unable to ferment phosphogb’-ceric acid The 
parent strain is able to ferment both glucose and phosphoglycenc acid and both 
fermentations aie inhibited by fluoiide This work suggests that the “tiamed 
organisms” are able to ferment glucose through mechamsms not mvolving phos- 
phoglycenc acid Similar results have been reported by Stone et al (76) for 
Aerdbacter aerogenes 

On the whole, the work on fluonde gives httle reason to doubt the existence of 
the Meyeihof cycle m maramahan tissues The observations of Needham, which 
cannot be obviously explamed wnthm the framework of the accepted cycle lack 
confirmation The observations m any case do not prove the existence of a 
non-phosphorylatmg pathway 

The work of Workman and co-workers indicates that, in micro-orgamsms, 
alternate pathways do exist, but agam, there is no evidence in support of a non- 
phosphorylatmg pathway No such claim has been made by the authors 

Ashford and Holmes (2), stud 3 Tng the effect on glycnlj^sis of remonng free 
phosphate by addmg an excess of calcium chlonde to rabbit bram brei, found that 
such treatment mhibited the glycolysis of glycogen but not that of glucose It is 
hardly likely that complete removal of phosphate could be achieved by such 
treatment, but a decrease m phosphate concentration did occur Addition of 
phosphate restored acid production from the glycogen A possible explanation 
of these results without contradiction of the Meyerhof cycle depends upon the 
fact that the phosphorylation of glycogen is dependent upon the concentration of 
morgamc phosphate (14), while the phosphorylation of glucose is accomplished 
with phosphate denved from ATP Thus a decrease m the concentration of m- 
orgamc phosphate would affect glycolysis of glycogen to a much more marked 
extent than that of glucose 

Needham (59), performmg similar experiments on embryo brei, found that 
excess calcium chlonde had no effect on glucolysis The formation of lactic acid 
from glycogen was not studied No analytical evidence for the complete removal 
of phosphate is given Macfarlane (40) and Macfarlane and Weil-Malherbe 
(41)have recently pointed out the extremely small quantities of phosphate that are 
required for glycolysis m both mtact yeast and bram shces The phosphate is 
contmually regenerated and thus acts m catal 3 dac quantities They have also 
shown the extreme difficulty mvolved m the complete removal of phosphate 
The hterature to date contains no conclusive demonstration of mammalian 
glycolysis m the absence of phosphate 

Several workers have attempted to prove the absence of the Meyerhof cycle by 
studies of the abflity of the vanous tissues to bnng about the successive steps of 
the cycle Many older si udies are of httle value smce they do not consider recent 
modifications of the cycle 

The most detailed study along these hues has been that of Needham and Leh- 
mann (58) on chick embryo They found that embryo possessed all of the 
necessary enzymes with the exception of the tnosephosphate dehydrogenase 
Similar claims have been made by Tsuzuki (79) concemmg tumor tissue How- 
ever, Meyerhof and Perdigon (51, 52) have recently been able to demonstrate the 
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presence of tins oniyme m adequate amounts m eYtraots of both chick and mt 
embrsoa Simdarlj the presence of the necessarj enijunes has been demon 
strati m brain (04), fumor (11, 12) and retina (34) 

From these obscn ations it n ould seem that, n hcther or not the prmcipal path 
vraj of gljcolj’HiB in these tissues is through the known phoaphoiylated mter 
m«lmtes the necessary ensymes for this pathwaj can be extracted from tliese 
tissues Thus the Meierhof cjole cannot be ruled out in the tissues under dis- 
cussion on the basis of lack of the necessarj eniymes 

The possibility of oxidation of carbohydrate without prenous phosphorylation 
is suggested by the work of Homson (27) and of Hawthorne and Hamson (29) 
on the glucose dehydrogenase of hver This author has been able to extract an 
ensyme from beef hver which bnnga about the oxidation of glucose to gluconic 
acid It apparontlj la able to function with either di or tnphosphopjmdmo 
nucleotide as oocnxyme From the work of Hamson and of Rice and Dorfman 
(07), this ensyme does not appear to be identical mth the hexosemonophosphate 
dehydrogenase of Warburg The importance of this ensyme m carbohjdrate 
metabolism remains to be determmed 

Much has been written of the effect of the structural organisation of the cell 
upon the pathway of metabohe reactions, but as yet little experimental evidence 
IS available along these Imes This subject has been discussed in a recent renew 
by Commoner (13) Of particular mterest is the observation of Caddie and 
Stewart (20) on mtact heart muscle. These workers found that, on repeated 
contraction, the carbohj-drate stores could be depleted The addition of certam 
substrates restored contraction Among these was found methjlglyoxnl This 
observation is of mterest m that methylglj-oxnl can bo both produced (21) and 
used by muscle (20, 39) and suggests that this compound may be capable of 
furnishing energy for contraction 

The question as to whether the Mcj'crhof cj do is operative in normal muscular 
contraction has been considered by Sacks (08, 09), and has been reviewed by 
Sacks (70), Meyerhof (60, 63) and Con (16, 10) 

As in the case of mammalian tissues there has been disagrecraent as to the 
mechanism of fermentation m microorganisms The fact that a phoephorylatmg 
mechanism does exist m many microorganisms has been amply demonstrated by 
a number of obsorvera particularlj Werkman and co-workera (82) However, 
certam observations have raised doubts ns to the general application of the 
Mej erhof cycle in all rmcroSigamsms 

Fisher (19) stated m 1896 that fermentation of disacchandes or polysaechandes 
always mvohes prelmiinarj hjdrolysui Wllstfitter and Oppcnheimer (86) 
and Willstatter and Steibclt (84) challenged this view when they found that 
certain yeasts were able to ferment lactose and maltose more rapidly than the 
constituent monosaccharides. Thej furthermore obsen ed that the fermenta 
tion of the disacchandes is not correlated with the content of tho approprinte 
hjdroljtic enzjmes of the particular jeast Similar results were obtamed bj 
Sohotka and Holiman (73) Wnght (87 88 89) has more rceentli ohserved 
similar phenomena with respect to tho fermentation of suerose and lactose by 
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Streptococcus thermophilus, -while O’Connor and Nord and Engel (63, 62) have 
suggested that Ftisanum hni Bolley ferments trehalose direct Leibo-vitz and 
Hestrm (36) have mvestigated this problem by comparmg the rate at which mal- 
tose and methyl-or-glucoside are fermented by yeast and have come to the con- 
clusion that maltose is fermented directly 
The mechanism of this phenomenon has not been satisfactorily explamed 
No phosphorylated forms of the disacchandes mentioned above have been 
isolated It nould seem, however, that a possible explanation of these data 
would be the direct conversion of the disacchandes to two molecules of hexose- 
monophosphate, m a manner analogous to the phosphorolysis of glycogen by 
phosphorylase The hexosemonophosphate could then be broken down by the 
usual senes of reactions A remvestigation of this problem from such a pomt of 
■view should ment consideration This would be m accord with the findmgs of 
Baba (5, 6) that phosphoglycenc acid is an mtermediate m the fermentation of 
maltose by yeast 

The presence of enzymes m moulds capable of metabolizing carbohydrates 
without phosphorylation seems hkely Examples can be foimd m the work of 
Mtdler (54, 56) on glucose oxidase of Aspergillus niger, the formation of citnc acid 
by Aspergillus niger (33), and the production of kopc acid by Aspergillus iamanx 
Kita (26) 

Additional information on mould metabolism has been covered m the reviews 
by Tamiya (78), Raistnck (66), and Benhauer (8) 

An attempt has been made cntically to evaluate the evidence for the existence, 
particularly m animal tissues, of pathwa}^ of carbohydrate metabolism other 
than the Meyerhof cycle The Meyerhof cycle is the result of numerous studies 
on extracts of muscle and yeast The analysis of the reactions of the cell has 
necessarily been approached by a study of the presence and properties of enzymes 
that can be obtamed from the disrupted cell This has been done m most cases 
■with a full realization of the limitations of such studies 
Studies of energy relationships, the action of inhibitors, rates of reactions, and 
the extractable enzyme components of tissues present a picture of possible reac- 
tions withm the cell, but lead to only probable conclusions as to the course of these 
reactions -withm the cell Smce, however, a tremendous weight of endence has 
accumulated favormg the existence of the Meyerhof cycle, the likelihood of its 
component reactions pla 3 Tng some important part m the degradation of carbo- 
hydrates withm the cell seems very great Therefore it becomes essential to 
determine whether any e-vidence is available to mdicate that this senes of reac- 
tions IS not of primary importance wi thin the cell On the basis of the analysis 
presented m this paper there is at the present tune httle endence pertment to 
animal tissues which requires the assumption of a radically different scheme of 
glycolj'sis The evidence for non-pbospborylatmg glycolysis is ei^en less con- 
■vmcmg 

In the case of imcroorganisms, suggestions of altemate.pathway6 of glycolysis 
have a somewhat greater experimental basis 

The explanations offered m the re-view have for the most part depended on the 
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recent work of Meyerhof and Ochoa on the necessity of phosphate acceptors, the 
work of Con and co-ivorkers on mechanisms of phosphorylation, the work of 
Warburg and Christian on enolaeo and fluondc inhibition, and the work of 
SUckland on glyccraldehyde It should bo remembered that such explanations 
are suggested to indicate that the evidence does not require the acceptance of a 
new series of reactions to explain glycolysis m tumor, bram, and embryo In 
many cases considerably more experimental data are required to prove the 
vahdity of such mterpretations 

Thus the evidence at present does not rule out the possibihty of the existence 
m animal tlssuda of glycolytic pathways other than the Meyerhof c} cle, but the 
postulation of such alternate pathways is at present unnecessary to explam the 
facts 
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INFLUENCE OF ESTROGENS AND ANDROGENS 
ON THE SKELETAL SYSTEM 

W U GARDNER axd CARROLL A PFEIFFER 
DtjKnimerU of Anaiomjf YaU Untotroiiy School of Medtane, Ifcto Bacon Conn 

Sexual differences m the extent and form of osseous growth have been noted 
in many species, and m some species cycho changes in the gross and microscopio 
structure of at least parts of the bones have been found to be associated with 
reproductive phenomena This review wiH deal with the nature and extent 
of the influence of gonadal hormones on skeletal development and the studies 
pertaining to the mechanisms governing these changes. In connection with the 
latter studies it will also be necessary to consider the influence of sex hormones 
on the motaboUsm of bone salts The great difference m the responsiveness 
of animnls of different species has made it desirable to present this review more 
or less m phylogenetic arrangement 

Inplttekce of sex HOnUONES ON OALcruu ANn PHOSPHOnnS metaeolism 
The changes m the ievels of blood calcium and phosphorus which accompany 
egg laying and estrogen production have recently been reviewed (1) However, 
sinco many of those changes also affect the skeletal system they will be reviewed 
here to the extent to which they bear a relationship to, or afford an explanation 
of, the mechanism govemmg those osseous changes which are under the m 
fluence of the sex hormones 

Calawn melabolttm—ftsh and amphibia Hess et al (2) showed that dunng 
the period when the eggs develop and mature in females of the cod and puffer 
fishes, the blood calcium level rises to 29 mgm per cent ns compared to 9 to 
126mgm per cent m males In the vmparous dogfish shark, on the other hand, 
no change m calcium is associated with the reproductive state Again, in the 
toad XenopuB (3) the level of calcium m females is higher dunng the egg laymg 
season than durmg tho non breedmg season and at all tunes is higher than in 
males Castration effectively lowers tho calcium values m females and, after a 
prolonged penod, in males Ovarian extracts cause a nso m the blood calcium 
level m castrated or hypophyscctomired females. Unfortunately the skeleton 
has not been studied It was thought that the hormono-likc action on calcium is 
exerted by some principle other than tho sox hormones (3, 4) However, more 
recent mvestigation on other species has mdicated that estrogen is tho responsiblo 
hormone 

Acts Dio most significant observations on calcium metabolism have been 
made on birds, as would bo expected, amco enormous amounts of calcium are 
excreted in tho egg shell (6 6 grams of calcium carbonate in 10 hrs or 40 mgm. of 
calcium per mm dunng certain penods while tho shell is being laid down) (6) 
The pigeon is an excellent animal on which to study the correlation between in- 
creased serum calcium levels and egg laying (0) smee tho nature of its laying 
habits makes it possiblo to predict with accuracy the stage of development of the 
oiTim at any given tune Two egg y oiks are ovulated and then tho ov ary enters 
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upon a prolonged inactive period During the penod of rapid growth and ovula- 
tion of the two ova the serum calcium mcreases from 9 3 mgm per cent, the 
value for sexually mactive females, to 19 9 mgm per cent Smce the calcium 
level begins to rise 123 hours before the secretion of the first egg shell, it is obvious 
that the mcrease m serum calcium is not caused or explamed by shell secretion 
The nse is correlated only with the development of the two ova Similar differ- 
ences also occur between the serum calcium levels of non-laymg and laymg hens 
(7, 8) and are correlated with ovum size (9, 10, 11) Attempts have been made 
to show that the fluctuations which occur m the laymg hens are due to a mobiliza- 
tion of calcium in the blood stream when an egg is not m the shell gland and a 
lowering of the serum calcium level when the egg is m the shell gland (6, 12), but 
the vanations found were too small and mconsistent m trend to be very sigm- 
ficant (13, 14) However, evidence, acqmred by determimng the ratio of CaO to 
PsOs stored and excreted, mdicates that calcium can be deposited m bone and 
from this reservou be mobilized for formation of the egg shell (15, 16, 17) The 
amount that can be mobilized has been variously estimated as from 10 per cent 
(18) to 25 per cent (17) of the total calcium stores of the body Mobihzation of 
calcium from the skeleton is rapid but not as rapid as is the transference of m- 
gested calcium carbonate to the oviducts (17) Therefore, if sufficient amounts 
of calcium carbonate are mgested, the shell gland is supphed from this source 
(19, 20), but if the calcium carbonate mtake is low, calcium is withdrawn from 
the bones (15, 17) In the pigeon, however, it has been shown by careful histo- 
logical study (21) that there is some destruction of medullary bone at the tune of 
egg shell formation even though sufficient amoimts of calcium are available m the 
diet 

In the non-laymg hen the mesenteric vem contains the same level of serum 
calcium as does the mesenteric artery, but m laymg hens the calcium m the vem 
IS appreciably greater than m the artery (19) This mcrease m the amount of 
calcium transferred from the gut to the blood stream is evidently controlled by 
estrogen smce it occurs only durmg the penod of ovarian growth and egg la 3 ang 
If calcium IS withheld from the diet of the la 3 Tng hen, egg laying ceases after 
about 12 days and the amoimt of calcium m the egg shells decreases to less than 
one-fourth the normal amount, mdicatmg that only a limited amount of calcium 
can be withdrawn from the body stores (bones) for the production of shells (13) 
It has already been shown that the calcium brought by the blood to the oviduct 
IS m a form which is different from that deposited m the egg diell (22) The 
extreme fluctuations m the serum calcium level which take place m the bird can 
be tolerated because the diffusible calcium remains constant, and only bound or 
non-diffusible calcium mcreases (23, 24, 25, 26) This hypercalcemia bears no 
relationship to the hypercalcemia observed m mammals which results from hy- 
perparathyroidism or admmistation of parathyroid extract (27) Parathyroid 
extract does not cause a nse m blood calcium or a depletion of body calcium m 
non-laymg hens, moultmg hens, immature pullets, or cockerels (28, 29) 

Influence of different estrogenic chemicals Theehn, theelol, estradiol and 
estradiol benzoate mcrease the serum calcium level m pigeons (27, 30, 31), and 
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theelln, estradiol, estradiol benioate and diethylstflbcstrol are effective in this 
respect in chickens (32, 33, 34, 35) Likewise estradiol benioate is effective in 
the duck (36) and the sparrow (37) Only Marlow and Koch (38) and Marlow 
and Richert (39) have reported negative results from the mjcction of estrogenic 
compounds mto chickens, hut it seems probahle that they were usmg madequate 
amoimts of estrogen, smee the doses they employed are too low to mduce com- 
plete development of the oviducts. 

Phosphorut mciabolxtm A great nse in blood hpid phosphorus lev els occurs m 
apparently all oviparous vertebratee durmg the breedmg season or foUowmg 
estrogen injection This nse is presumably associated with the formation of the 
egg yolk There is also a phosphoprotem (serum vitellin) which comprises an 
important part of the increased total pho^horus m breedmg females of birds 
(40, 41, 42, 48), reptiles and fidies (40), but is found only m traces, if at all, m 
males and non breeding females of these species Unfortunately amphibia were 
not tested Serum morganio phosphorus, the only phosphorus compound as- 
sociated with the metabolism of hone, has been followed rather incidentally to 
the studies on calcium and bone changes. It seems to be relatively less affected 
by the reproductive state of the animal or by sex hormones than are the hpid and 
protem phosphorus compounds However, the mtimate relationdup of the 
eerum Inorgaiuo phosphorus to the latter compounds makes interpretation 
difficult 

Amphibia In the lower vertebrates morganio phosphorus has been studied 
only m the toad Xenopus where, in contrast to calcium, it is decreased durmg the 
breedmg season, and after mjeotion of progesterone and estradiol benioate (44, 
46) However, the same author (44) reports that gonadectomy has no effect on 
plasma inorganic phosphorus 

Avti In connection with the studies on the relation of calcnim metabolism to 
egg shell formatien m chickens it was noted that more PjOi was excreted than 
ingested, mdicatmg that calcium salts were bemg removed from bone for egg 
shell formatien (16), and that the associated phosphorus was bemg released into 
the blood stream and excreted This condition is sunilar to that found m hy 
perparathyroidism, but it is doubtful whether such a calcium phosphorus rela 
tionshlp IS also the explanation of the mcreaso m serum morganlc phosphorus 
which occurs durmg the tune bone is bemg deposited under the influence of 
mjected estrogen Small, probably inadequate, doses of estrogeme extracts hav o 
been reported to bo ineffective m altering the serum morgamc phosphorus of 
chickens (38), but larger doses of estrogens raise the morgamc phosphorus m 
chickens (32), ra ducks (30) and m pigeons (27) 

PhosphalaK actmly The serum phosphatase v slue in chickens (40) mcreases 
from 88 7 Bodansky umts at one day of age to 114 0 at 10 or 12 days It then 
gradually falls without showing any sex differences until the approach of the adult 
condition In pullets the scrum phosphatase value is 3 5 Bo^nsky umts whilo 
m older non-laymg hens it is 13 1 and in laymg hens 17 1 In the mature cock 
the serum phosphatase value remains at 4 7 The relation of scrum phosphatase 
to injeetcd steroid hormones has not been studied 
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InFLXTENCE of BEX HORMONES ON SKELETAL STRUCTtJRE IN BIRDS Ptgeom 
During the course of investigations on bone marrow Kyes and Potter (47) dis- 
covered that at certam tunes the marrow cavities of female pigeons became so 
filled with spicules of bone that it was no longer possible to obtam marrow from 
them, but this phenomenon was never encountered m male pigeons These 
authors further observed that the condition of the bones m the females was cor- 
related with the size of the ovanan folhcles When the folhcles were 2 mm m 
diameter, or less, the femurs contamed large marrow spaces Osseous tissue 
partially invaded the marrow when the follicles were more than 4 5 mm m 
diameter, and the marrow cavities were filled with bony spicules when the foUicles 
were 10 0 mm m diameter, or larger Shortly afterwards Riddle and Dotti 
(30) demonstrated for the first tune that mjected estrogens cause a rise m serum 
calcium such as occurs normally at the tune the ovary contains large ova It 
was then but a short step to show that both hyperossification and the mcrease m 
blood serum calcium m pigeons can be produced by mjected estrogen (31) It 
was found that with daily mjections of 33 3 gg of estradiol benzoate hyperossi- 
fication began within two weeks after treatment was started and reached a max- . 
imum withm five weeks, but it did not exceed that found m the normal female 
pigeon just after ovulation Bloom, Bloom and McLean (21) made a careful 
study of the histology of the bone changes which occur durmg the normal egg 
laymg cycle of the pigeon and fovmd a veiy close correlation between the size of 
the ovanan folhcles and meduUaiy bone formation An mtense production of 
medullary bone occurs durmg the time of development and maturation of the 
folhcle m the ovary and is followed by a penod of mtense destruction of medullary 
bone which comcides with the tune the shell of the first egg is being formed, and 
contmues for a few hours after the first egg is laid Bone formation then begins 
once more and contmues until shortly after the second egg reaches the shell 
gland Again bone is resorbed while the second egg is m the shell gland and 
resorption continues at a diminished rate after the second egg is laid until all of 
the medullary bone disappears (about 10 days after the second egg is laid) The 
pigeon lays only 2 eggs m a clutch Durmg the bone formation phases, the 
reticular cells of the marrow become osteoblasts and these m turn become osteo- 
cytes Durmg the destruction phases the osteoblasts and freed osteocytes be- 
come osteoclasts, which, durmg the penod of bone formation occurnng between 
the la5Tng of the two eggs, may agam become osteoblasts Durmg the final 
postovulation penod both osteoblasts and osteoclasts become reticular cells once 
more With an adequate mtake of calcium and phosphorus, formation of the 
orgamc bone matnx and calcification occur sunultaneously, and durmg the 
penods of rapid bone destruction both are removed simultaneously The bone 
formation associated with folhcular development takes place m the granulocyto- 
poietic portions of the marrow Blood vessels are not encroached upon, and 
erythropoiesis is not appreciably affected However, myelocytopoiesis practic- 
ally disappears from the marrow at this time 
It was fortunate that Pfeiffer and Gardner (31) used sexually active male 
pigeons m their experiments on the relation of estrogen to hyperossification, smce 
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Bloom, McLean and Bloom (27) discovered that doses of estradiol sufficient to 
induce medullary bone formation in male pigeons dunng the breedmg season are 
meffective m castrates or m males with mactn-o testos However, the simul- 
taneous administration of testosterone propionate and estradiol caused tho 
formation of medullary bone w ith as bttlo as 6 ag of estradiol per daj Tho 
maximum effect of testosterone propionate m tho comhmed treatment was 
reached with 1 0 mgm. daily This synergism between male hormone and 
estrogen suggests a possible function for the appreciable amounts of male hor- 
mone produced by tho ovancs of buds, studied particularly m tho sparrow (48) 
The mitial “endosteal reaction” may follow estrogen injection alone and consists 
of the deposition of a few lamcllao of endosteal bone Apparentl} androgen must 
also bo present to bring about the accelerated endosteal proliferation with rapid 
formation of meduUaiy bone which occurs m the normal osseous cj cle How 
ever, the administration of estrogen and androgen m any combination yet tnod 
has not proved ns effective in brmgmg about hypcrossification as is the pigeon’s 
own ovaiy Hyperossification takes place at a much slouer rate when expen 
mentally produced than when occurring dunng the sexual cjcle Medullary 
bone formation may occur with an amount of estrogen which is relatively m 
effective m raising the serum calcium leiol, especially when androgen is ad 
ministered simultaneoualj , and androgen does not augment the calcium values 
found with a low dose of estrogen Therefore, hjTJerossificatiou and serum 
calcium level are not ncccssanlj physiologically mterdependent Tho intra 
muscular injection of parathyroid extracts into birds m which medullary bone 
formation had been mduced results in some resorption of bone accompanied by 
osteoclastic activity Resorption docs not, howci cr, reach tho proportions ob- 
served in tho laymg pigeon It seems probable that the mechanism responsible 
for bone formation m the normal female pigeon has not been completely eliicl 
dated (27) 

ChtckcTit Sexual dimorphism, while not ci idcnt in pigeons, is marked m fowl 
This dimorphism is quite definite In tho skeleton Hutt (49) shoived that a 
statistically significant sex dimorphism occurs m the mean absolute length of all 
bones of the apfiendiculnr skeleton of the chicken, the longer bones having a 13 4 
per cent greater length in males than in females The increase m length is not 
constant in all long bones but \ ones from GB per cent to 10 6 per cent Some 
oiidenco has been advanced that capons hate sliglitlj larger bones tlian do 
normal males (40), but leiy carefullj controlled exponments indicate that 
castration of male chicks at hatching docs not produce any changes m absolute or 
relative length of bones of tho axtremitics in oitlier normal or creeper fowl (60) 
That large doses of estrogen dwarf the bones of fowl is evident from the findings 
of Zondek (61) to bo discussed later Asmundson et al (62) hai'c also reported 
that cxccasii e production of endogenous estrogen in j oung pullets following 
admmistration of pregnant mare serum dwarfs tho tibias and tarsals However, 
studies on gjmadromorphism m the fowl (53 54) indicate that the sue differences 
in the skeletons of male and female birds is genoticallj, rather than hormonnll> 
controlled, slnco in the gynandromorph tho skeleton may be of tho male sue on 
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one side and of the female size on the other, yet the hormone action should be the 
same on both sides Other skeletal features, such as the wdth between the 
pubic bones, are distmctly different m the two sexes and are presumably affected 
by estrogen (52, 55), although accurate measurements seem to be lackmg Even 
the most accurate measurements failed to show a correlation between skeletal 
size and egg laymg capacity within the limits of any one breed of chickens (56) 
In connection with the stuntmg of growth which follows mjections of large 
doses of estrogen (1,600,000 m u , or approximately 533 3 mgm of dimenformon 
m 16 weeks) Zondek (51, 57) observed that m x-ray plates of dwarf cocks pro- 
duced by this treatment the opacity of the medullary cavity was the same as that 
of the bone surroimdmg it With mjections of 50,000 m u (approximately 16 66 
mgm ) of dimenformon, the first mdication of the mduction of bone changes could 
be observed after 4 weeks, if treatment was started at the age of 6 weeks When 
the bones were spht longitudmally the medullae were found to be filled with 
spongy bone The femur showed a reduction of 18 9 per cent m length and of 
40 6 per cent m weight, while the tibia was reduced 30 8 per cent m length and 
30 0 per cent m weight However, Landauer et al (35) showed by means of 
estrogen mjections mto sexually mature cocks, where no stuntmg resulted, that 
the hyperossification was not a result of the stuntmg but, as m the pigeon, oc- 
curred m response to the presence of the estrogen Three weeks of treatment 
with a total of 1 19 mgm of estradiol benzoate resulted m the deposition of a 
thin layer of new bone on the endosteal surface of the femur and tibia This is an 
appreciably lower dose of estrogen than used by Zondek, eqDeciaUy when con- 
sidered m terms of the body weights of the birds, but is much greater than that 
required for hyperossiSication m the pigeon Higher doses of estrogen resulted 
m more extensive hyperossification The effects of simultaneous administration 
of estrogen and androgen have not been tested Therefore, it is not known 
whether androgen augments the formation of medullary bone m the chicken 
Histological studies of the bone changes m the chicken have not been published, 
but it IS assumed that they are qmte similar to those takmg place m the pigeon 
Other birds Bone changes similar to those occumng m pigeons have been 
observed m ducks (36) and sparrows (37) foUowmg administration of estrogen 
Large doses of estradiol benzoate are required to bnng about these effects m the 
sparrow In fact, the first attempt to obtam hyperossification m the sparrow 
was unsuccessful m spite of the fact that osseous changes occur m the normal 
female sparrow durmg the sexual cycle just as readily as m the laymg pigeon (58) 
This failure has been attributed to the small doses used Unfortunately all 
males tested were juvenals so that any effect an active testis might have was not 
observed. Evidence that androgen neither enhanced nor inhibited the degree of 
osseous change resultmg from the administration of estrogen has been advanced 
by Pfeiffer et al (37) However, these findmgs should be remvestigated m the 
hght of the observation that androgen augments the formation of medullary bone 

m pigeons (27) j r j 

The extent of new bone formation differs greatly m the two breeds or ducks 
which have been tested Administration of relativelv large doses of estradio 
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benioato (2 mgm. daily) to Mallard drakes, a low egg laying breed, resulted m the 
produotion of only a limited amount of medullary bone, while the same amount of 
estrogen admimatered to Pekm drakes, a relatively hi^ egg laymg breed, pro- 
duced extreme bone changes However, this material is too limited to give more 
than an mdioation that the differences m egg laymg capacities influence the 
response to estrogen (36) 

Evidence nnnoATiNQ the eptectb op djteinsio bex hormones on the de 
VEDOPUENT OP THE MAMMALIAN BKELBTON Influence On general skdetal do- 
vdopmenl The obvious differences in the sites of the skeletons of males and 
females of many mammaimn speidea have been undoubtedly associated with the 
influences of the gonads for many yearn. In addition specific sexual dimorphisms 
of parts of the skeleton such as the pelves show special sexual eharactenstics 
which may be m part genetically and in part hormonaHy conditioned Although 
studies on sexual dunoiphism and on the influence of gonadeetomy upon the 
skeleton have infrequently been sufficiently extensive to prove the extent of 
humoral gonadal control of skeletal morphogenesis, such observations have con 
tributed significantly to our information Certam aspects of these mvestign 
tions, especially of those pertainmg to man, have not been covered completely in 
this review, but only sufficiently to indicate the trend and some conclusiona of this 
mvcstigational work. A few studies have been given more space than they may 
merit, but reference frequently is made to them in spite of the very limited 
material upon which conclusiona were based 

Influence of caelratum tn man The Soopccs have afforded material (or the 
study of the effects of castration on skeletal growth (69, 60) Among the Soopccs 
some mdividuals castrated before the ago of puberty had abnormally longer ap- 
pendicular skeletons and smaller calvaria than other mdividuals of similar heights 
from the same racial groups Individuals castrated after puberty tended to 
resemble in stature the intact males of their racial group (61, 62) 

A very detailed study was made on 31 eunuchs from North China (63) Nine 
eunuchs were castrated when less than 16 years of age Ihese eunuchs attamed 
heights rangmg from 163 to 182 cm and averagmg 172 cm The heights of the 
mdividuals castrated when over 16 years of age ranged from 164 to 168 cm and 
averaged 163 cm at the time they were measured The average heights to the 
tops of the symphyms pubes were 92 and 84 cm for the early and late castrate 
groups respectively The greater part of the difference in height therefore could 
bo accounted for by differences in length of limbs The ouaucha were also taller 
than other mdividuals from the same region 

7\me of appearance and union of oenfieaUon centers in man Prjmr (64-67) 
reported that centers of ossification in females appeared at earher ages than m 
males. His studies convmced him that the ossification of the skeleton of the 
female was always in advance of the male from the earliest appearance of centers 
of ossification, at first days, then weeks, months and years m advance Detailed 
studies were made on the ossification centers of the hand (66, 68) Other m 
vestigators did not find the strikmg sex differences in skeletal maturation de 
scribed by Pryor (69-72) Rccentlj complete studies have been made on the 
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sequences of osseous development of the hand (70, 71, 72) Although Todd (72) 
obsen'ed a somewhat more rapid skeletal maturation in females he considered it 
closely related to the progress of sexual maturation, only neghgible at the nmth 
year and not strikmg until the thirteenth 3 ’-ear and from then on until the later 
teens The stage of development of the skeleton of boys was associated more 
closely with evidences of sexual development than with the chronological age 
(73) 

Some evidence exists for the early cessation of growth m cases of pathologically 
precocious hypergonadism, although growth may be accentuated, at least, for a 
while (74, 75, 76) Later, mention will be made of retarded growth (77, 78) and 
delayed union of epiphyses m hypogonadal patients 

Dogs The skeletal development of an ovanectomized dog was compared with 
that of an mtact httermate (79) “ITie operation was performed at the age of 3 
months and the ammals were killed 12 months later The ovanectomized dog 
was larger throughout the experiment, the bones of the extremities were longer, 
some of the epiphyses had not umted and the pelvis was smaller than m the 
control Sigmficant differences existed between the males and females m the 
vanous mdices and measurements of the heads of several breeds of dogs (80) 
The matenal, however, did not prove that these differences were attnbuted to 
the mtnnsic gonadal hormones 

Sheep At birth the skeletal development of male and female lambs was com- 
parable (81) At the end of 5 months the bones of males were larger than those 
of castrate males, or of females The bones of the head, neck and pectonal 
girdles of males were disproportionately large when compared with the females 
or castrates Although the bones of the male pelves mcreased more m weight the 
relative mcrease w'as greater m the female 

Cattle The measurements obtamed by Tandler and Keller (82) showed that 
the skeletons of bulls and cows differed greatly and that the skeletons of castrated 
males and females were similar and of an intermediate type 

Mice The formation of centers of ossification and the fusion of the epiphyses 
have been reported m mice but reference was not made to sex differences The 
changes of the bones dunng the late developmental period were apparently similar 
m the two sexes Histological studies were made on the distal ends of the femurs 
and proximal ends of the tibias of mice of seven different strains and from 1 to 30 
months old (84) The epiphj’^sial cartilages of the multiparous females became 
very thm and the resorptive phase began at an earher age than m males or 
virgm females The rapidity of changes with agemg lagged m males, dunng the 
first year of life bemg 2 to 3 weeks behmd the females, but when resorptive proc- 
esses became accentuated durmg the second year of life they progressed rapidly 
and soon the bones showed more resorption than those of the females The 
differences m the rate of the agemg process m bones of mice of different inbred 
strains were apparently much greater than between the two sexes ivithm the 
same stram 

“Breaking strength” and chemical composition The “strengths” of the bones 
of male and female mbred CjH stram and of hybnd mice at progressive ages did 
not entirel}’’ corroborate the above observations (85) The bones were strongest 
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in mice from 100 to 800 days old and thereafter decreased progressivelj The 
femurs of the females were stronger than those of the males in almost all groups 
Virgm females had stronger bones than the multiparous animals The strength 
of the bones was associnted directly with the density of the bone as dotermmed by 
their radio opacity The per cent of ash and the calcium phosphorus ratio were 
hi^er m the femurs of females than of males (86) 

JtaU — Appearance of otsificaUm centers The centers of ossification of the 
limbs of rats appeared at an earher age in females than in males The cleared 
limbs from large senes of rata from 62 different litters were stained with ahzarme 
and the number and sue of the centers of ossdfioation recorded (87) Littermato 
brothers and sisters were compared because the stage of ossification differed con 
siderably between different litters of presumably the same age Difficulties m 
the determination of chronological age or differences m environment were aa- 
sumed to bo responaiblo for the vanations among different htters X ray ex 
amination of mtact mal e rats and male rats castrated at one day of age revealed 
no effect of castration on the age of appearance or fusion of ossification centers 
other than the ischial epiphysis and os pnapi which were delayed in the castrated 
animals (88) 

Ganadedomy on tUUlal growOi Castrate and mtact mole rats from the same 
htters attained similar wei^ta (88) although ovaneotomised females were 3 4 
per cent longer and 23 6 per cent heavier than their unoperated sisters (90) 
Male rata castrated when 21 days of ago attamed adult weights 24 per cent less 
and had bodies 7 9 per cent shorter than those of the unoperated controls The 
tails of the castrat^ rats were only 3 1 per cent shorter than those of the con 
trols (01) Male rata castrated when 21 to 23 days old had shorter bodies and 
femurs than those of their mtact controls when 88 to 105 days of age The 
lengths of the tmls and humen of control and castrated groups were similar (02) 
Male rats castrated when 22 days of ago and killed at 80 days of age were 10 0 
mm shorter nose-anal length and 20 grams hghter than their mtact controls 
(93) Eats castrated at wcanmg and killed after one year had significantly 
shorter femurs, tibias, humen, radu and ulnas than unoperated controls (94) 

Spayed rats had longer bodies than hysterectoraixed controls (95) Althou|di 
castrated female rats were 19 per cent heavier than them mtact controls their 
body lengths and the lengths of their femurs were similar nt 1 84 days of ago (90) 
Eats castrated when 20 days of ago had significantly longer femurs, humen, 
bodies, and tails when 70 to 90 days of ago but not when 184 days old (07, 98) 
The rata ovanectomiiod when young grow more rapidly for a fen months but 
withm six months were agam no larger than the controls. X ray examination of 
the skeleton revealed ‘longer bony structures'' m castrated females than m mtact 
controls (99) Female rats castrated when 40 days of age weighed more when 
from 80 to 290 days old than virgm females or females on normal or “forced 
breedmg" schedules The lengths of the tibias of tho castrates also were greater 
dunng the first few months after castration but were ei’cntually shorter than 
those of females from which tho young were removed at birth The virgm fe- 
males were smaller and had shorter tibias than any of the other groups (100) 

Sex differences on chemical composition Tho per cent of calcium m the bodies 
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of female rats from 15 to 243 days of age was greater than m the males The 
difference became defimtely significant m animals over 30 days of age and was 
greatest m sexually mature animals The absolute amount of calcium was 
greater m the males because of their larger size (101) Femurs of female rats 
from 23 to 160 days old had a higher ash content than did those of httermate 
males (102) The per cent of calcium and phosphorus was also higher m the 
bones of the females (103) The greatest relative change m the per cent of ash 
content per umt of age occurred m females at ages rangmg from 20 to 30 days and 
at about 36 to 40 days m the males These penods of rapid increment of ash 
were associated with phases of gonadal development (104) 

Guinea -pigs Castration on length of bones Male and female gumea pigs 
gonadectomized when 15 to 30 days of age and killed when 360 days old had body 
weights similar to those of the controls Although both the gonadectomized 
males and females had shorter bodies, the long bones of the legs were nearly 
equal to or longer than those of the controls (105) These experiments m part 
confirmed earher work by Bourn and Ancel (106) who found that the femurs and 
tibias were longer m prepuberally castrated gumea pigs On the other hand 
castrated females bearmg testicular grafts attamed the size of normal males (107) 

The tibias, nbs and jomts of young gonadectomized male and female gumea 
pigs were obtamed at weekly mtervals and were studied histologically and 
compared with sections from the bones of mtact controls (108) The ratio of 
hypertrophic to proliferatmg columnar cartilage cells was 4 or 6 10 or 11 for the 
male and female controls, 5 16 or 20 for the castrated males and 5 or 6 17 or 18 
for the castrated females after five weeks The epiphyseal cartilage thus m- 
creased m thickness m both groups of castrated ammals With degeneration of 
hypertrophic cartilage cells some calcification of the bars of matrix followed and 
ossification occurred The cartilages of the jomts also h 3 q)ertrophied, tendmg to 
parallel the changes occurrmg m the epiphyses The mcreased proliferation of 
cartilage occurnng durmg the first months after ovariectomy eventually ceased 
and sclerosis and ossification progressed although both at a slower rate than in 
mtact females (109) Gigantism did not occur, although maturation of the 
osseous system was delayed 

Influence on the dimorphism of the pelves The shapes of the pelves m man 
differ m different mdividuals — especially the shapes of the pelvic outlet The 
pelves of children of under 11 years of age were almost all of the anthropoid or 
dohcopethc tjqie as detentuned by the roentgenological method of Thoms (110) 
The pelves of the males and females began to assume their specific sexual char- 
acteristics m children approachmg fifteen years of age The observation on 69 
female and 16 male children from 6 to 15 years of age thus “suggested that both 
males and females start out life with pelves which are identical m type and that 
the major differences observed m adult male and female pelves do not appear 
until after puberty and are therefore due to the influence of sex hormones (111) 
Similar observations had been made by Odiditsch (112), who also noted that 
chrome disease modified the pubertal metamorphosis of the pelvis 

The types of pelves of both males and females ranged widely from dohcopelhc 
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to platypellic but the pelves of males showed 1, more promment and heavier 
ischial s^es, 2, narrower pubic an^es, and 3, narrower greater eciatio notches 
than those of females The pelves of the "more masculine’* or "more fe minin e’’ 
indivoduals did not necessarily show the moat accentuated characteristics of the 
respective sexes In fact two hypogonadal males had typically mascuhne types 
of pelves The morphological characteristics of the pelves were not necessarily a 
reliable indication of the degree of maleness or femaleness of the individuals 
possessmg them (113, 114) 

Durmg pregnancy the pelves enlarged shgjitly by a looseiung of the sacroiliac 
hgaments and the pubio symphyses. A jomt like space was frequently en 
countered m the symphysee of females (116, 116, 117) The pelvic loosening 
may be of sufficient magmtude to impair locomotion because of lack of pelvic 
rigidity Pelvic mobihty, when once it has appeared, may recur with each sub- 
sequent pregnancy Repair may occur foDowmg delivery (118, 110) 

Shop ’The pelves of newborn lambs showed no sexual dimorphism In the 
adult male the pelvis was larger than m the female, composed of heavier bones 
but longer and narrower than m the female The pelves of castrated males and 
females were smaller than those of the females but were similar in shape True 
pelvic sexual dunorphism emated and was determined, apparently, by the sex 
hormones The castrate type, however, more closely resemhled the pelvis of 
the female (120) 

Outnea pig The bony pelvis has been associated more frequently with repro- 
ductive function than have other parts of the skeleton The guinea pig’s pelvis 
apparently attracted the attenUon of investigators because of the large siso of the 
young at birth The separation of the pubio bones of the gumea pig before 
partuntion has been described repeatedly (121, 122, 123) 

Virgm guinea pigs had distmct pubio symphyses (124) A ohondroSbrous 
junction of the pubes appears in young virgm female gumea pigs, the amount of 
fibrous tissue mcreasmg at the expense of the cartilage fonmng a syndesmosis 
(126) Some cycho separation of the pubes may recur with the repeated estrous 
cjoles (126) The fibro^uirtilagmous mterpubic unions of male gumea pigs were 
replaced by bone in old animals so that tho symphyses were partially destroyed 

Durmg pregnancy tho amount of fibrous intcrpubic tissue increased greatly, 
especially after tho first five weeks (126) Subsequently some bone resorption of 
the symphysial face of the pubes occurred The marrow spaces were exposed and 
the fibrous tissue of the symphysis showed increased vasculansation 'The pro- 
liferation of connective tissue cells was especially rapid during the last two w*ceks 
of pregnancy and tho pubes became widely separated just before partuntion. 
’The mterpubic ligaments were shortened directly after dehveiy but were never 
complotely lost. 

Pocket gopher ’Two types of pelves have been described in each of several 
species of Rodontia and Insectn ora but the author did not assoemte them with 
sex (127) Ihe female typo of pelns of pocket gophers was associated with tho 
presence of functional ovaries — the pelvic skeleton was a secondary sexual 
character (128) The dimorphism first became apparent at puberty and pro- 
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gressed with the complete removal of the medial part of the pubes Orchid- 
ectomy did not alter the development of the usual male t5Tie of pelvis Ovan- 
ectomy usually prevented the formation of the female tjTie of pelvis 

Mouse The pubes of male nuce were muted firmly by fibrous and cartila- 
gmous tissue throughout hfe and the amount of mterpubic cartilage decreased 
with advancmg age (129) The pubes were less firmly umted m adult vugm 
females, but the cartilagmous symphysial faces were closely approximated by 
ventral and dorsal hgaments which enclosed a jomt-hke space Durmg preg- 
nancy the medial parts of the pubes were absorbed and mterpubic hgaments 
formed After one pregnancy the hgaments were about 2 to 6 mm m length and 
became longer m mice havmg several fitters FoUowmg dehveiy the pelvic 
architecture never returned to the condition of that of the vugm female The 
greater part of the mterpubic hgaments formed durmg the latter 8 days m mtact 
pregnant mice, m pregnant animals from which the fetuses had been removed but 
the placentas retamed (130) and m hypophysectomized pregnant mice (131, 132) 

Influence of injected sex hormones upon skeletal development Rats 
— effect of estrogens Several mvestigators have noted that the mjection of 
estrogens inhibited or reduced the rate of mcreases m body weight Fewer ob- 
servations have been made on osseous or skeletal growth but there is general 
agreement that large doses of estrogens inhibit or stunt growth when mjected 
over prolonged penods 

The skulls and long bones of estrogen-treated male and female rats were smaller 
(133) Twice weekly 600 1 U of estradiol benzoate were mjected mto rate 4 to 6 
weeks old and the growth of the treated rate was compared with the controls 
After 3 to 4 weeks the growth mcrements of the treated rats decreased and 
ceased after 3 to 4 months Body length was also greatly reduced (51) Later it 
was shown that these “eunuchoid dwarf” rats had skeletons more opaque to x- 
rays than the controls The medullary areas were mvaded by bone The 
lengths of the bones were reduced (67, 134) Zondek assumed that estrogens 
inhibited not only the gonadotropic function of the pituitary but also the growth- 
stimulatmg function (134) 

Theehn when mjected mto yoimg rats at the rate of 20 /ig per day had no 
effect upon body length durmg experiments extendmg over 6 to 10 days, although 
body weight was reduced and the tails of the estrogen-treated rats were shorter 
than those of the controls (135) Eats receivmg 20 ng of estrone daily from the 
21st to the 99th day weighed less, were shorter, and had shorter tails and femurs 
than the controls (136) The simultaneous mjection of testosterone propionate 
(1 mgm per day) prevented the decreased rate of gam m weight and length ob- 
served m estrogen-treated rats (137) 

The daily mjection of 12 6 fig of estradiol to male and female rats from 1 to 7 
or 9 days of age “causes a significant advance m skeletal age of females but not of 
males ” Treated females had 32 per cent more centers of ossification m their 
appendicular skeletons than did the males (138) 

The oral administration of 60 to 250 fig of stilbestrol daily greatly reduced the 
rate of growth of young rats (139) 

The dailj'’ mjection of 0 2 to 1 mgm of estrone inhibited the longitudmal growth 
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of the skeleton of young rata and decreased the thickness of the epiphysial discs 
The daily injeotiona of 200 of stilbeatrol were more effective in stopping 
osseous growth. The injection of hypophysial growth^stimulating hormone 
prevented the inhibitmg action of estrone on the proliferation of cartilage and 
bone (140, 141) Since the epiphysial ohangea of the hypophysectomired and 
estrogen treated rats were not similar it was assumed that the estrogens did not 
act by opposing the production of growth hormone but acted directly upon the 
growth sons of the epiphysial cartilage (141) Growth hormone did not com 
pletely prevent the inhibition of skeletal growth in an im a l s given large amoimts 
of stilbeatrol (142) 

Huldofftcal changes Several factors have been considered m rracroacopic 
studies on growmg bones, namely, the proliferation of cartilnge at the epiphysial 
junction, the sclerosis of cartilagmoua matrix and the proliferation of the osteo- 
genic tissues at different sites withm or about the bone 

Young rata given largo doses of estrogens for periods of 17 to 26 days had 
sb^tly thmner epiphysial cartdages and an increased number of osseous spicules 
in the pro-dmal metaphysca of their tibias The amounts of osseous tissue were 
greater in the females than m the males Untreated control rats “pair fed" at the 
levels consumed by the estrogen treated rats, had thinner epiphysial cartflages 
than the ad libitum fed eontrols but the cartilngeB were not as thm as m the 
estrogen treated rats The tibms of adult estrogen treated rets showed similar 
but leas extensive ehanges (143) 

The bones of rats which had received weekly mjcchons of 33 pg to 83 gg of 
estradiol benxoate from weanmg age up to 17 months were studied by the Sdber 
bergs (144) After treatment for 4 months the epiphysial cartilages were thin 
and partially sclerosed The cartilages wore sometimes absent m rata treated for 
9 or 10 months The latter condition was observed in some untreated rats 17 
months old The sub-epiphyslal marrow-containmg areas of the tibias of rats 
treated for 4 months wore relatively Bbrous, contamed numerous osteoblasts 
surroundmg an mcreased number of ncnlj formed osseous trabeculae, some of 
which surrounded sclerosed spicules of cartilage The apposition of bone had 
been excessive durmg this period By the 9th month resorption of the osseous 
spicules had occurred so that the metaphyscs of the bones resembled those of the 
controls 

A well illustrated report of the osseous changes m rats given 10 mgm pellets 
of estradiol dipropionatc weekly for periods up to 0 weeks has reaffirmed and 
extended a part of the aboro obsen ations (146) After one week the epiphj'sial 
cartilages of young estrogen treated rats rvere thm and the number of osseous 
trabeculae redueed, “the cartilage histologj resembles that of an animal that had 
been almost starred,” a probabihty smcc appetite was reduced After 3 weeks 
the cartilage had partiallj rccor'ered but was agam reduced after 6 w ceks Dur 
ing the first 3 weeks many small spicules forrhed and Inter few or coarse trabeculae 
of bone occupied the greater part of the proxunal meduUae of the tibms TTic 
mcreased rate of ossification did not occur in estrogen treated hypopfij-scc 
tomiied rats (140) 

Tlio mjection of estrogens was considered to induce localised ostcofibrotio 
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lesions m young rats (147) This fibrosis occurred chiefly subpenostially near 
the metaphysis and was assumed to be responsible for the absence of “clubbmg” 
of the bones or for the maintenance of then- normal shape durmg longitudinal 
growth (148) 

On composiiton The calcium-phosphorus ratio of the bones of estrogen- 
treated rats was higher (2^9) than that of controls (2 10) This change m com- 
position was attributed to a decrease of phosphate and an mcrease of carbonate 
m the bone salts smce the total calcium was not mcreased (149) 

Body weight was shghtly lower but the wei^ts and ash contents of the bones 
of very young rats which had received 50 to 260 /ig estradiol benzoate durmg 7 
to 60 days were similar to those of the controls (160) 

The femurs of young or young adult rats which had received estrogens for 44 
days or more contamed a significantly hi^er per cent of ash than those of their 
controls when they were fed an adequate diet (143) The femurs of estrogen- 
treated old rats showed no mcrease m ash durmg experiments extending over 37 
days In none of the experiments was the total ash mcreased significantly in the 
estrogen-treated animals because of the decreased growth of these rats Estro- 
gen-treated rats ate less than then- ad hbitum fed controls “Pair fed” controls 
gamed more weight than the mjected rats but their femurs contamed less ash and 
also a lower per cent of ash The decreased food mtake could account for neither 
all of the decreased gam m body weight nor the mcreased per cent of bone ash 
Bone phosphatase mcreased significantly m rats treated for 17 days 
Repair of fracture Callus formation occurred somewhat sooner about frac- 
tures of femurs of castrated rats given estrogen than m the untreated controls 
(151) Although the effects upon the fractures were shght the authors “gamed 
the impression that injections of estrogemc substances stimulated the production 
of endosteal osteoid tissue,” although the fractures m the different treated and 
control rate were at different and overlappmg stages of repair (152) 

Androgens — Size of bones Androgens, especially testosterone and its esters, 
have been reported to either stimulate or inhibit body growth or growth of the 
skeleton Factors such as the dose of hormone given, the duration of treatment, 
and whether or not the animals were castrated may influence the results These 
factors will not account for all of the opposmg results that have been reported 
Daily doses of testosterone of 200 ftg did not alter growth m young rats treated 
for 1 or 2 months (153) Doses of 1400 gg of testosterone propionate reduced 
the weight-mcrement m another group of young rats while smaller doses (167 gg ) 
stimulated growth (154) Young rats given 36 mgm of testosterone propionate 
durmg 40 days gamed much less weight and had shorter bodies, tails, femurs 
and tibias than oil-mjected or untreated controls (155) The epiphysial carti- 
lages Were thm and atrophic Testosterone propionate (1 mgm per day) m- 
creased the rate of gam m weight and length of young rats and prevented the 
growth-mhibitmg effect of estrone (137) 

Male rats given 1 mgm of testosterone propionate daily for 80 days weighed 
less and were shorter than untreated controls Differences m weight and length 
were not apparent at the 26th day of mjections but the controls were 6 5 mm 
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longer at tho 80th day (166) Castrated rata were on the a-i-enige 11 mm shorter 
than intact untreated controls and castrated rats gi\ en 1 mgm of testosterone 
propionate daily were 13 6 nun shorter Again the difTcrences were not ap- 
parent until at the 26th daj (167) Castrated and intact rats given small doses 
of testosterone propionate (60 pg ) 0 times weekly increased m weight more 
rapidly than the controls (168) Although no measurements were taken the 
weight ehanges of j oung rats, some injected from the first day of hfe and given 
from 1 mgm of testosterone propionate 3 times weekly to 6 mgm daily , did not 
differ greatly from those of the oil treated controls (160) Some of the experi 
ments were continued for 26 weeks 

The os pnapi and ischial epiphyses appeared much earlier m male rats given 
025 mgm of testosterone propionate daily or every other day but after 87 days 
there was no sigmficant difference between the treated and control group (88) A 
s ys tematic x ray exaramation for the time of appearance and fusion of manv other 
centers of ossification showed no difference between controls and treated rats. 
Doses of this sise or larger (1 or 2 mgm doily) did not alter body weight or 
skeletal maturation even when started at birth and contmued from 16 to 
135 days 

Upon Of pnapi Many studies have been undertaken recently on the mfluenoc 
of sex hormones on intrauterine or newborn rodents None has e shown effects 
of hormones upon the skeletons of the young Estrogens will apparently par 
tially inhibit the development of the os pnapi in fetal males (100) Castration 
immediately after birth did not prevent the development of the os pnapi m the 
male but the os failed to develop in the masculinised clitoris of rats given small 
doses of androgen after birth (101) Large doses of androgen mjected into thb 
pregnant mother mduced well developed os pnapi m the interscx female young 
bom under such conditions (162) 

Mouse. Bffeei of steroid hormones on gross changes Although the pubic 
bones were partially resorbed in estrogen treated mice the density of the other 
bones of the skeleton was increased (129) The medullac of the long bones 
ot imeo which had recch ed 3,3 to 33 3 jig of estradiol benzoate or 0 1 mgm of 
equilm benzoate weekly for prolonged penods con tamed either e.xcessii'B numbers 
of fine or coarse osseous trabeculae or, after more prolonged treatment, compact 
bone (103) The progression of changes depended upon the amount of hormone 
used and duration of treatment Similar gross skeletal changes were mduced 
b\ injections of estrone, cquihn, tripheny lethylene, and stilbestrol (106) The 
bones of mice of some strains responded more rapidly than others 

The simultaneouB administration of 0 025 to 2,6 mgm. of testosterone 
propionate completely prevented the excessiTO accumulation of medullary os- 
seous tissue m the long bones of estrogen treated animals (104, 106) 

"Breaking strengths’ and composition The bones ot estrogen treated mice 
had a higher ash content (09 per cent) than those of control males (59 per cent) 
or females (04 per cent) and a higher calcium phosphorus ratio (86) The ash 
content of* the femurs ot mice receiiuig testosterone propionate or estrogen plus 
testosterone propionate was 00 per cent hence approached that of the normal 
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males The nei\ endosteal (medullarjO bone apparently had a slightly higher 
calcium-phosphorus ratio than the bone of the diaphyseal shaft 

The structure of the bones of estrogen-treated mice differed from those of 
the controls as determined by \-ray diffractograms The bone m the former 
medullary region was entirely unoriented and the diffractograms differed from 
those obtamed from cortical bone or bones of untreated mice (167) 

The femurs of estrogen-treated hybrid mice had “breaking strengths” of 1599 
to 3542 grams (average 2499 grams), whereas femurs of controls of the same 
age groups had “breakmg strengths” of 1244 to 2101 grams (average, 1655 
grams) The average “strength” of the femurs was thus 844 grams greater m 
the mice which had received weekly subcutaneous mjections of 16 6 to 50 fig 
of estradiol benzoate (168) Similar obser\mtions have been made on a larger 
senes of mice (85) The “breakmg strengths” of the femurs of estrogen-treated 
males v ere greater than those of the estrogen-treated females The differences 
in “breakmg strengths” of femurs between the estrogen-treated and control 
groups tended to mcrease ith advancing age The estrogen tended to prevent 
the thinmng of the diaphyseal walls associated with advancing age The bones 
of the imce given testosterone propionate had very low “breakmg strengths ” 

Htstological changes The bones of estrogen-treated mice became almost 
solid, or the medullae were filled with spicules greatly reducmg the marrow The 
apposition of bone was entirely endosteal — no e\idence of excessive penosteal 
growth w'as observed (163-166) 

A roentgenographic and histological study of the femurs of mice of two strains 
which had received weekly doses of 150 to 1000 r u of estradiol benzoate showed 
sclerosis of the cartdage and “osteoblastic activity” leadmg to generalized osteo- 
sclerosis The long bones were first and most extensively affected but the verte- 
brae and calvaria also showed excessive osteogeneses and delayed resorptiie 
processes (169) 

Detailed and comparative histological studies have been made on the bones 
and articular cartilages of young and old estrogen- treated mice fiom several 
mbred strains (170, 171) The mice received different levels of hormone for 
different periods of time Withm 1 to 2 weeks after the injection of estrogens 
was started the epiphysial cartilages were reduced in thickness and the number of 
lajers of h5Tiertrophic and columnar cartilage cells was reduced The cartilagi- 
nous ground substance became hyahnized and sclerosed The reduction of the 
ividth of the cartilage and extent of hyalinization and sclerosis of cartilage matrix 
mcreased m mice treated for longer penods (3-6 weeks) With more prolonged 
treatment calcified matrix or bone separated the epiphysial cartilage from the 
marrow and m some areas the cartilage w'as completely eroded, exposing the 
marrow' of the epiphysis and diaphysis 

The vascular marrow' of the metaphysis became less vascular and increasingly 
fibrous (170) “Epithelioid” cells appeared m the fibrous marrow after treat- 
ment for 2 w'eeks These cells then mcreased m number and “became con- 
verted” mto osteocj'tes New bone matrix w'as formed by these osteocytcs 
formmg first small and then larger spicules and finally a dense bony meshw'ork 
Resorptive processes w'ere largely inhibited durmg this time After 2 or 4 
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months ‘ osteoclastic resorption” set m and the bone n as gradually rei 
until, at 9 months, lea metaphyseal trabeculae remained The diaphysea 
vrere thickened dunng the first 4 to 0 months of treatment and thercafte; 
reduced gradually in thickness 

The extent of the bone changes aas greater m the males than m the fe 
The bones of tmee of some strains acre affected to a much greater exten' 
those of other strains 

tVhen the injections of estrogens (100 to 200 r u iveekly of estradiol ben 
acre started in adult (0 to 11 months old) or m aged mice (12 to 18 mo 
less or no increase m the thickness of the metaphj’seal spicules or dlap 
walls occurred The age changes m the epiphysial cartilsges a'ere necen 
and the resorptue phases stimulated precociously rather than inhibited 
hfcrative arthropathic lesions occurred less frequently than m untreated co 
Estrogeme treatment accentuated rather than inhibited tlio usual reso 
phases of the ageing process when the injections aero started m old onimi 

The proliferation of cartilage and resorption of bone acre also inhibi 
joung mice giien 0 ^ to 0^ mgm of testosterone propionate weekh 
weeks or more (172) The changes acre similar to those occurring in est 
treated mice liut much less etnkmg 

Cfimiea pigs Gumea pigs which received 50 to 100 1 U of estradiol bci 
dailj tor 27 to 38 da> 6 had thmner opiph>'aal cartilages than the contro' 
lajor of hyfiertropliic cartilage was especially reduced (173) The munct 
mjcctlon of estrogens decreased the rate of gam m wciglit and longit 
groath of the tibios of j oung gumea pigs (174) 

The dailj mjection of 20 r u or biwccklj injection of 250 r u of esi 
bentoato into male and female gumea pigs weighing 140 to 190 grams me 
the rate of h) ahnlration of the cartilaginous ground substance of thecpip 
discs (176) The amount of the hj’pertrophic cartilage first decreased an 
increased while the proliferative cartilage showed on inverse relationship 
ficntion and sclerosis of the cartilage were increased Metaplasia of the coh 
and hj-pcrtrophic cartilage cells to osteocytes a os described In the metaj 
'epithelioid" cells replaced the vascular marrow and ostcoc} tea apjiearc 
formed spicules of bone and abundant osteogenic tissue Because reso 
was reduced an mercased amount of bone apjicnrcd in the mctaphjsis 
diaphyseal shaft w ns thickened and became denser during the first few n 
but later became thinner and more porous ns resorptive processes becar 
centuated Ammals of both sexes respiondcd similarly The doses wci 
large enough to pro\ ent growth althou^ the estrogen treated animals gre 
than the controls (174, 176) 

Estrogen treated guinea pigs, one week old, when given 60 to lOO i 
estradiol benroate weeklj showed first a decrease m the thickness c 
epiphysial cartilage and then an increase (175) The layers of both th* 
hferativo and hiqiertrophic cartilage increased in thickness and the ten 
for sclerosis of cartilage nnd osteoblastic proliferation and ossification 
reduced apprcciabU 

Progesterone increased the proliferation of columnar nnd of hypcrti 
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cartilage and inhibited sclerosis and retrogressive, changes in cartilage when 
injected in the amounts of 0 65 to 1 mgm 6 times weekly (176) Bone forma- 
tion was relatively reduced "thus counteractmg the agmg of bones ” 

Dogs Two young dogs treated with estrogen (Menformon) showed preco- 
cious umon of the epiphyses (177) Puppies given 1 66 to 3 33 mgm of estradiol 
benzoate weekly for 5 to 7| months, weighed less and were shorter than un- 
treated dogs The epiphyses were united precociously The pubic bones were 
not altered and m the males the growth of the os pnapi was mhibited (178) 
Man — Estrogens Very few studies have been undertaken m man on the 
effects of administered estrogens on osseous growth or on bone salt retention 
The daily mjection of 2,000 I U of estrone to young girls for 6 to 18 days resulted 
m a depression of the calcium retention The amoimt of hormone injected 
was adequate to cause mammary swelhng and a vagmal discharge (179) 
Albnght and his associates have associated post-menopausal osteoporosis with 
a deBcient production of estrogemc hormone The post-menopausal osteo- 
porosis most frequentty mvolved the vertebra and the pelves, the long bones 
were rarely involved (180, 181) The injection of estrogen into such patients 
resulted in a positive calcium retention and marked subjective improvement 
Nitrogen retention was also mcreased 
Androgens The occasional occurrence of hypogonadism and retarded growth 
or of retarded gemtal and somatic growth probably mdicate the desirability of 
the follow mg investigations Children showing retarded sexual development, 
sub-normal growth and a sub-normal bone age show'ed accelerated growth when 
gonadotropic hormones were mjected (182, 183) Although the rate of growth 
was much in excess of that expected from standard growth charts the bone-age 
changes were not proportionally accelerated (184, 185, 186) The secondaiy 
sexual characters also usually developed indicatmg gonadal stimulation 

The possibihty that the accelerated groivlh resulted from the androgemc 
activity of the stimulated testis was investigated by direct mjection of androgens 
mto similar patients One 21 j'^ear old eunuchoid mdividual gamed 4 cm durmg 
the 6 months of treatment with testosterone propionate (10-30 mgm daily) 
(187) The mjection of testosterone propionate or implantation of pellets of 
the hormone lowered the age of epiphysial appearance m 1 young patient but 
did not greatly accelerate rate of umon of epiphyses in adult hypogonadal indi- 
viduals (188) Spurts of growth were observed m adolescent hypogonadal 
individuals given testosterone propionate but the rates of epiphysial closure were 
not sufficiently altered to be detected by x-ray exammation (189) Accelerated 
mcrease m height has been reported in a eunuchoid patient given testosterone 
(190) Either testosterone propionate or methyl testosterone mcreased the 
rate of growth of hypogonadal mdividuals beyond that expected Skeletal age, 
as determmed by epiphysial umon advanced more rapidly than nught be ex- 
pected from changes m chronological age (191, 192) The frequent occurrence 
of growth rates m excess of those expected from comparison with charts of 
normal growth was noted m hypogonadal boys given either gonadotropic hor- 
mones or testosterone Bone-age was usually not altered greatly (193) 
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Patients showing post-menopausal osteoporosis showed increased retention 
of caldiun and phosphorus when androgen was administered m combination 
with estrogens (182) 

Influence of tnjeded hormones on the pelees of fftnnea pigs Hisaw (194) ap- 
parently first attempted experimentally to mducc a separation of the pubes of 
virgm gumea pigs s imila r to that occurring at partuntion The pubes of some 
female guinea pigs became separated by an interpubic ligament when the blood 
sera of pregnant rabbits, dogs, and other animals were mjected The animals 
which responded were at or near estrus when the injections were made Later 
the relaxation inducing substance (relaxm) was found in the placentas and 
corpora lutea of certain animals (195) and was eflectii e only m gumea pigs which 
recently had been under the influence of estrogens, either mtrinaic or mjected 

Several otlier mvestigators noted thatestrogens would mducesomeligamentous 
proliferation at the symphysis as determined by mobihty of the pelvis and x ray 
exanunation (196-199) Progestm was not effective by itself or when given with 
estrogens (190), although a non-estrus produemg “extrait mobihsant” could be 
obtained from corpora lutea Other mvestigators have observed an extensive 
separation of the pubes of young, mtact or ovanectomiied gumea pigs which 
received estrogens (estrone or estnol) for prolonged penods Short jicriods of 
treatment with estrogens alone or with progesterone resulted m sh^t pelvic 
changes (200, 201) More recently estrogen and progesterone when administered 
sunultaneoualy mduced extenan e pubic separation and the identity of "relaxm” 
ns a specific hormone was questioned (202) 

Althou^ the chemical identity of ‘ relaxm ’ has not been detenmned and 
some mvestigators bale doubted its specificity of function, blood of pregnant 
laboratory amraals and of women apparently contains a substance capable of 
mducing a rapid pclno relaxation m estrous gumea pigs Hisaw first detected 
the substance m the blood of pregnant rabbits, but not m women Other m- 
vcstigators found that 3 to 6 cc of blood sera from women during the first 
half of pregnancy would induce peine relaxation m approximately 76 per cent 
of estrous or adequately treated gumea pigs and that larger amounts were more 
00001110 (203, 204) ' 

The experiments on the relaxation of the pelns of the gumea pig are not m 
agreement Few mvestigators haie claimed as rapid and/or extensive g pubic 
separation as occurs during pregnancy- from any treatment with estrogens imd 
progesterone The presence in blood of pregnant animals, early pregnancy 
m man, and m aqueous extracts of corpora lutea of a relaxation mducmg sub- 
stance (relaxm) has been observed repeatedly These experiments indicate 

i^Hecently Hisaw and his associates have added further evidence for the specificity 
of relaiin Althouxh the pelvic ligaments of castrated guinea pigs would relax when 
large dotes of estrogen and progesterone were giion such changes would not occur m 
hystcrectomiicd castrated guinea pigs Itolaxin on the other hand was effecUre in 
hyst^tomiicd estrogen treated animals Estrogenic or progestational activity could 
Mt be delected in animals given largo doses of relaxio Heferenoes— nisaw F L et al 
Anau lice 64 7 abst 1913 A A Abramowitx et al Anat Rec 64 0 abst 1943. 
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that the active matenal occurs commonly m pregnant animals and is not one 
of the known steroid hormones 

Mouse Almost simultaneously two investigators reported that estrogen- 
treated mice showed a ligamentous separation of the pubes (205, 206) The 
mterpubic ligaments were readily discerned upon x-ray exanunation of the 
carcasses or upon gross exammation The ligaments varied m length up to 7 or 
8 mm Estrone, estriol, estradiol, equihn and equihnen induced similar changes 
The injection of estrogens thus resulted m a transformation of the pubic sym- 
physes of males or virgm females to the type of mterpubic connection found m 
multiparous females 

The mterpubic ligaments were formed bj*^ a proliferation of the fibrous connec- 
tive tissues of the v entral and dorsal fibrous ligaments and penosteum Kesorp- 
tion of the medial parts of the pubic and ischial bones also occuired When 
the injections were started in very young animals the pubes were sometimes 
largely resorbed The injection of testosterone inhibited the pelvic changes 
when adnunistered with estrogenic hormone (164) It likewise largely prevented 
the pelvic changes occurrmg during the latter part of pregnancy m pnraiparous 
mice (207) 

Although quantitative studies on the sacro-iliac ligaments have not been made, 
the impression v as that mobility was increased at this pomt The parts of the 
innommate bones not rasorbed shov ed a slight mcreased ash content as did the 
femurs (86) The shapes of the innominate bones of male and female mice differ 
from one another, the ischial angle being greater m the female The mjection 
of estrogens did not alter the male type of ischial angle, e^ en when the mjections 
were started in young animals (129) 

Influence of sex and of steroid hormones upon seruji calcium levels 
Rais Parathyroidectomized or castrated rats shoised no change m serum 
calcium levels subsequent to mjections of 600 m u of theelm (209) On the 
other hand, the serum calcium levels of mtact, hjqiophysectoniized or gonadec- 
tomized rats were mcreased uniformly after the mjection of several different 
estrogenic chemicals (30) Marked elevations of the levels of serum calcium 
were observ ed m estrogen-treated rats m another laboratorj’' and m addition the 
amount of ingested calcium retamed was mcreased dunng the first few days of 
observation and later decreased (210) The serum calcium levels of joung 
rats after 6 to 12 daily mjections of 100 I U of theelm were shghtly elevated 
(211) The levels of serum calcium were shghtly but significantly mcreased m 
rats which had received estrogens and m some groups the serum phosphatase was 
decreased (143) Other mvestigators have reported a slight mcrease m the 
phosphatase content of femurs of rats receivmg estrogens and androgens (212) 

The serum calcium levels of estrogen-treated rats usually mcreased above 
pretreatment le\els This mcrease may be shght but statistically significant 
(143, 211) or of greater magnitude (30, 210) 

Rabbits Adult rabbits injected with crude ovarian extracts presumablj con- 
tammg some active material, showed a shghtly lower serum calcium within 24 
hours (213) A rapid and rather marked decrease m serum calcium occurred 
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TOthin a few hours after the injection of large amounts of estrone into spaj’od 
rabbits (214) Other in\ cstigators obsen ed no significant changes in scrum 
calcium m rabbits given extracts of ovaries (210, 216) or in rabbits which had 
received 100 jig of estrone dniij forl6to31 daj-s (212) 

Although hi^ serum calcium lev els hav e been observ ed m castrated rabbits 
(214) this observation has not been observed consistentlj (210) 

Dogs Dogs showed a slow but marked rise m serum calcium after ovanec 
tomy (216) Shght seasonal variations in the levels of serum calcium were 
noted m female dogs The higher levels were associated vnth the seasons dunng 
which estrus occurred (217) Two dogs which had received 300 r u of estrone 
daily for 7 days showed an elevation of 2 mgm per cent of scrum calcium (30) 
The total and diffusible scrum calcium levels of other estrogen treated dogs m 
creased about 2 mgm per cent and again returned to normal levels after the 
cessation of treatment (218) 

Dunng proestrum or estrus tetany developed m thyroparathyroldcctormied 
dogs somotuncs without appreciable changes in the amount of serum calcium 
(219, 220, 221) 

Pamthvroidectomiicd dogs given estrone or theelol showed a decrease m 
serum calcium and mild or severe tetany Intact dogs showed no scrum calcium 
changes after estrogenic treatment (222, 223) Tetany occurred dunng the 
onset of spontaneous estrus m parathvroidcotomiced dogs main tamed on mimmal 
amounts of vi tamin D and calcium The blood calcium levels of rachitic dogs 
decreased when thcelm was injected (224) 

CaUlf The serum calcium lev els of male and female cattle at different ages 
and fohowmg castration were determmed by Frci and Emmerson (225) Slight 
differences between the different groujis were noted Dunng estnis the serum 
calcium level rose in some animals The mjection of small amounts of estrogen 
was followed by a decrease m serum caloium FoUowmg the injection of large 
amounts (20 0 to 120 0 mgm ) of estradiol benioate the serum calcium levels of 
lactat ing cows were lowered and the serum phosphatase and inorganic phosphorus 
tended to nso (220) 

It IS difficult to generalire on the action of estrogens on lev els of serum calcium 
in mammals The observations even withm mdividual sjiecics arc not con 
Biatent, and are more vanable when different sjiecies are compared Most of 
the studies have been deficient in that certam factors such as food mtako and 
dietary reguno were not followed However smcc the alterations m scrum 
calcram in the mammalian species are so shght ikia probable that, if anything, 
thev merely reflect changes occurrmg m the osseous or other tissues concerned 
vnth the utilisation, storage, absorption or excretion of calcium There is as 
far as the rev levrers know, no evidence that estrogens influence calcium metab 
olism in the same manner as do the parathyToids or the 'hfitamin D ’ compounds 

r£30u£ 

Oviparous ammals which have ov iducts that secrete or deposit calcified shells 
around their ova hav e an obvious need for some mechanism to co-ordmato certam 
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aspects of calcium metabolism with reproductive function Smce the bones act 
as storehouses for the calcium reserves of the body, these tissues might also be 
associated with reproductive functions The dram upon the maternal calcium 
stores m mammals imposed by embryomc skeletal development or by lactation 
might mdicate a need for some mechanism of mterrelationship between reproduc- 
tive function and calcium metabohsm m mammals 

The mjection of estrogemc hormones into birds increased the levels of serum 
calcium and accelerated the formation of endosteal bone However, the rapid 
proliferation and ossification of osteogemc tissue could occur m estrogen-treated 
birds m the absence of marked changes m the levels of serum calcium especially 
when small amounts of androgen were also mjected The steroid hormones 
therefore may influence both bone proliferation and the mechanism regulatmg 
calcium levels, but these two phenomena are not necessarily related In some 
laboratory rodents the sclerosis of cartilagmous matrix, proliferation and ossifica- 
tion of medullary osteogemc tissues were augmented m estrogen-treated animals, 
but the levels of serum calcium were unchanged or only shghtly altered Andro- 
gens prevented the excessive osseous growth when admmistered to mammals 
given estrogens 

At this time the reviewers beheve that the augmented meduUaiy proliferation 
of bone may be most satisfactorily explained by assummg that estrogens stimu- 
late osteoblasts or the differentiation of esteoblasts from undifferentiated 
elements of the marrow The apparent differences m the response of the osteo- 
gemc tissues of birds and mammals to androgens when mjected simultaneously 
with estrogens may be due to some fundamental differences m the changes 
mduced m the cells of the marrow 

The gonads or the steroid sex hormones regulate to some extent the morpho- 
genesis of the skeleton and may control m part the extent of skeletal growth 
Large amounts, especially of estrogens, inhibit the growth of cartilage and hence 
longitudmal osseous growth The function of the pituitary gland is probably 
also ‘altered m such animals and may be directly responsible for the ensuing 
“dwarfism ” Small amounts of hormones, especially of androgen, may augment 
the rate of longitudmal growth of the skeleton 

The steroid hormones may find a practical apphcation m the prevention or 
alleviation of symptoms of senile osteoporosis, m the acceleration of the healmg 
of fractures or m the augmentation of the rate of somatic growth m certam 
hypogonadal mdividuals 
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CHRONIC MOUNTAIN SICKNESS 

CARLOS MONGE 

Naltonal InsUtuie of Andean Biology, University of San Marcos, School of 

Medicine, Lima, Peru 

The ecological milieu of the high plateaus of the Andes (2 to 5 km altitude) 
must be emphasized as a fundamental factor when considermg the biology of 
races acclimatized there since prehistoric times (Bmgham) “Habitable” 
(iMonge, 1928) places, m which life is natural!}’’ possible, must be differentiated 
from the higher “inhabited” ones, as for example the mmes, m which conditions 
for hiong must be pronded Such a distmction has not yet been made When 
stud 3 Tng acclimatization, much confusion would be avoided if the aim of the in- 
vestigation were the physiological fitness of the autochthonous man m his ecolog- 
ical surroundmgs The sufferances and tolerance of the hvmg body to reach the 
highlands or to live at an extreme altitude should be considered as correlated 
subjects but ones of different sigmficance In no case should one use the words 
“acclimatized” or “acclimatization” when refemng ^an organism suffenng 
from climatic anoxic mjury dunng the adaptatn e stage (mountam sickness) 
Congemtal acclimatization to the Andean high plateaus (2 to 5 km altitude), 
where hve some twelve milli on mdmduals, has produced a chmatophjeiological 
vanety of human bemg whose biological characteristics are some'nhat different 
from those of the sea level man Infertilit}’ of men and animals brought from the 
lov lands, as sometimes occurs (IMonge), means the ehmmation of the unfit 
through a process of natural selection 

\Mien a man goes to the highlands, he has first to adapt himself to a condition 
of permanent anoxia, callmg forth his emergenc}'^ adjustments and then buildmg 
up a nev set of biological de\ ices to reach the balanced state of the altitude man 
homeostasis Consequenth’’, adaptation, itself, is a malady mountam sickness, 
either mapparent, acute, subacute or chrome \Wien adaptation is over, after 
months or j^ears, no one knows how long, acquired acclimatization supeivenes 
Then mountam sickness has been cured (Monge, 1928) Acclimatization can 
also be lost as a shift from the Andean man homeostasis, the patients developmg 
subacute or chrome mountam sickness If 'they are brought to a low er land or to 
sea lex el, chrome mountam sickness is also cured In those facts one can find 
the stnet foundation of a climatopathological vanety of human disease (Monge, 
1, a-h) Animals are subject to the same pathology and possibh’’ plants, although 
no mx estigation has been conducted xvith them Some men find it impossible to 
lix e ex en at an altitude of 1 5 km usually such men change then habitat and the 
obserx’ation ends One could speculate about the condition of a man losmg his 
acclimatization at sea lex’el oxx gen pressure 
To understand the physiopathological dexnations dunng the adaptative penod 
toward acclimatization, namelj , mountain sickness, one must briefly consider the 
established characteristics of the autochthonous man The emphasis wall be 
laid upon the facts concerned wath chronic mountam sickness w hich appears as 
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the basic cause of the problem Since for some personB, opparentlj accliinatizcd» 
mfcrtnit\ ma^ occur the ph\'siolog> of reproduction m high altitude ^ill be 
treated 

Chronic mountam sickness as has already been said, is a disease duo to unfit 
ness of the indmdual to become accbmatlrcd at a high altitude or to a loss of 
acclimatisation BarcrofVs work reallv dealt sub-acute mountam sickmess 
(2) I first used (1926) the name of Eirthremm of high altitude when I had 
found an erythremic cUnical syrndrome similar to \ aquez’ Erjihremia or Osier s 
Poly*t;ylheinm vera This denotes a clmical entity and not a hematological pat- 
tern, as some ha\ e erroneously mterproted it In usmg 'ery thrcmic sjTnptoras, ’ 
I refer to a clinical manifestation and not to a high count of red cells In this 
ny\new no attempt will be made to study acute mountam «ickness‘ Smee I 
referred to the chronic condition as chrome anoxia I called the disease chrome 
mountam sickness (1928) (Ic d, e) Later, this disease \ras studied by Monge, 
Enemas and associates, and Rondon (3) Talbot and Dill (4) found a case of it 
m Chile Hurtado desenbed some forms of the disease os related to fibrosis of 
the lungs (1930 5a), and some to on enlhremic simdromc (1942, 5b c, d) 
Monge (If) and Arrellano (0) ha\e desenbed neurological forma Psychiatnc 
forms have been described bv Monge (Ig) 

In nati\es it may occur at Qn\ age and lias an impressiie familial character 
(Mongo, Rondon) In indinduals from the lowlands the onset may come from 
two to throe y ears after acquired accliraatiaation and generally appears m the 
fourth and fifth decades of life ^th sexes ore equally predisposed Certamly 
it w much more frequent m men of European descent It may start insidiously 
or mni come suddchb'^ft^ violent phi’sical exercise or after some respiratory 
ailment. Repeated attacks of acute mountam. ackness predispose as do prob- 
ably pneumoconiosis, pneumonia and ^qihflis of the lung?;, — ■- — 

I shall first desenbe the sub-acuto fonns which when cured lead to altitude 
fitness Then I shall consider the chronic stages of the disease. 

Sun ACUTE wouNTALN SICKNESS ANT) THE Andel\n m\n Thc anoxic mjuiy 
actmg on the organism causes on illness which eien m Its mfldest expression, 
leads to a lessened physical and mental capaciU To avoid confusion I charac- 
tenzed (1925-1928) this as acute, sub-aaUe and chronic Soroche This ^vord in 
the Quechua language means mountain sickness 

Subacute mountam sickness w not always preceded b\ a prchmmaiy attack of 
acute mountain sickness In thc most benign f orms the patienl jpQs-on^n-Ttirhts 
dafl\ ^rk but he re alizes tha tho is unable to" maintam the bf^Iie-Trairaccufl 
tomed tol rt fMxi l eVeK E\cn rninor ailments pro\ oke'a mn doim condition never 
encountered ^r>ca level Diseases are pooriv resisted and convalescence is pro- 

* ThjB is fully treated in Haldane J 8 andJ G Prieatlej Respiration NewHmvcn, 
'inlo UnlvcrBity Press 1035 Barcroft J Tho respiratory function of the blood Cam 
bridpe Uni\er»ity Press 1035 Loewy A Phytiolopki dea nehenltlimas Springer Berbn 
1932 The pathology of higlv altitude cluuate. Oxford Medical Pubiicatiom 1937 Dill 
D B Life heat and altitude Cambridge Harrard University Press 103S NanLlerc 
E,J Anoiia its effects on the bodv The Uzuvertity of Chicago Press 1942 t 
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longed Toxic symptoms accompany pregnancj’-, deliveiy is dangerous, mis- 
camages are frequent Infertility is common In the more marked cases the 
sjrmptoms appear msidiously and one or another predominates as, presumably, 
some particular organ suffers most damage from the prolonged oxygen want 
General fatigue, cyanosis after exercise, diminished capacity for physical and 
mental work, fullness of the head, cephalalgia, dizzmess, congestion of the mucous 
membranes, respiratory distress, poor appetite, slow digestion, constipation or 
diarrhea, loss of weight, insomnia, matutmal tiredness, relieved m the course of 
the day as m neurasthema, are the most frequent complamts Sometimes the 
patient may temporarily overcome his condition After several weeks, months 
or years, the length of time is not yet estabhshed, there comes a marked improve- 
ment, sometimes abruptly Very frequently the subject is unaware of his alle- 
viation and finds himself fitted to cany on a normal hfe He has become acch- 
matized On the other hand, if the lUness is more pronounced, fatigue comes 
sooner, cyanosis is permanent and nausea as well as vomitmg may appear 
Hoarseness and dyspnea are the rule Torpor, cephalalgia, dizzmess, vertigo, 
nervousness, msomma, vaned algesias and paresthesias appear The patient, 
unfit for acclimatization, is suffenng from chrome mountam sickness 

Ctrculahon In normal mdividuals, the second heart sound is dupheated very 
frequently Rotta, by means of phonocardiography, has estabhshed the proper 
significance of this third sound as auncular The heart rate tends to be markedly 
slowed (Monge, Cervelh) The pulse rate is 40-50 m 13 per cent, 52-60 m 41 
per cent, 62-71 m 32 per cent, and 72-84 m 14 per cent (1927) This has been 
confirmed by Talbot and Dill (4), Aste (7), Cervelh (8), Torres (9), Arnaez (10) 
and Capdehourat and associates (11) (1937) The hnear relation between work 
(700 kgmts ) and heart rate is only found m 30 per cent of the cases, with an even 
slover frequency than at sea level, 70 per cent show a kmd of athletic response 
After double the amount of work (1,400 kgmts ) the heart rate is slower than 
after a basic work of 700 kgmts A paradoxic bradycardia occurs m 50 per cent 
of all cases after moderate work, then the pulse accelerates to reach the normal 
level (Monge, Enemas) Rondon found it to occur at an altitude of 5 8 km 
Bradycardia sometimes comes suddenly In 80 per cent of the cases tachycardia 
starts suddenly without any chmcal disturbance At any time the rate may 
return to bradycardia Efficiency tests dimng the tachycardia do not mterfere 
with the mitial acceleration (Monge and associates Ih, 12) The electrocardio- 
gram m two hundred observations shows, m general, normal values (Monge, 
Saenz, 13) There is a marked smus arrhythmia, the mean difference between 
tvo Bj'stohc mtervals may nse to 0 44 After moderate exercise (700 kgmts ), 

I have found exaggerated smus arrhythmia, shift of the pacemaker, deformity of 
P, inverted P wave, shortness of PR, premature auncular and ventncular beats, 
voltage changes of T, reversal of T, and ST displacements Some of these changes 
are similar to those found by Greene and Gilbert m acute experimental anoxia 
(1925) The subjects showed no signs of fatigue duimg the effort tests, not- 
mthstandmg the slon heart rates Sometimes I have seen a regularly recumng 
arrythmia, prolonged (aunculoventncular) conduction, occasional nodal or high 
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bundle premature beats In one case the intrai entncular conduction nas 
altered Hist degree block has been found There is often ngbt axis deviation 
In one hundred cases Saens found 40 per cent n^t axis delation , Hotta found 
37 per cent The \ enous pressure is increased (Rotta, Capdehourat) There is 
a umvorsal dilatation of blood vessels, rather pronounced m sub acute mountain 
sickness The arterial pressure in men is reported by Torres, on the basis of 100 
observations, to be slightly loiver than at sea lev eh Rotta’s work (14) on oircu 
lation can be Bummanred us follows a Systohe output is appromnatel} equal 
to that at sea level, b The cardiac mdex, of greater Importance (Cantoni), reaches 
2 3 hters per mmute, 12 per cent higher than the value at sea level 

The work of the heart m reference to surface area is mcreased The v olume 
Cm men) and the weight (in dogs) of the heart is greater than at sea level In 
sub-acute mountam sickness, tachycardia is the rule but the appearance of unex 
pected basal bradycardic rhythms (Monge, Cervelll) and paradoxic bradycardias 
after moderate exercise are common (Monge, Enemas) In such cases dyspnea 
IS accentuated At rest, the appearance of a third sound is easily noted The 
second pulmonary sound is accentuated Capillaries are dilated and lose their 
tortuosity The arterial pressure is slightly increased with a lower dlastohc 
X alue (Torres, 0) Pulsation of the head, as m aorbo insufficioncj , has been 
observed (Monge, 1928) The capacity for work is enormously reduceti Heart 
efficiency tests show retardation. Athletes, at high altitude, never malntam 
their sea level records for very long, as the} are m the same situation as are un- 
trained men at sea level It must be emphasned that outside of the ecological 
milieu even at the same altitude, the physiopathological deviations are more 
accentuated therefore, in the future, it will be necessary to mdicate clearly the 
places where research m chrome mountam sickness is bemg earned out 

Respiration In the Andeana the chest is enlarged (Charvm, Barcroft (2), 
Hurtado (5e)) and vital capacity is 10 per cent greater than m Europeans (Bar- 
croft) Lmch (16) found m fiftv Andcans that the respiratory rate is shglitly 
increased above the sea level value After moderate exercise. In 14 per cent, 
brad}'pneic rates started either following a short pol}’pneic stage or at the begm 
nmg Sometimes polypneic rates appeared without returning to normal values 
In no case did the mdividual show a particular fatigue The bradypneic stage 
is mterpreted by Linch as an effort to morease the time of ox} gcnation. Arnaet 
(10) has pointed out, m addition to tho well known penodic breath, apneic phases 
(25 per cent) at rest deep sudden respiration (20 per cent), and stauease breath 
mg as if the first breath were frustrated This last findmg is rather improved 
after moderate exercise Ho suggests that the vagal hypertonia pla}^ a more 
important idle than at sea lev cl 

These findings are the rule m sub-acute mountam sickness and of course, ore 
much more pronounced Clinical observation shows that penodic deep breath 
ing accompanymg periodic work, is the mechanism best suited to altitudes 
Andcans can cany a load of a hundred pounds — the} run, atop, take a few deep 
breaths, and run agam In subacute anoxia, it is possible to amchorate the 
B}Tnptoms rcproducmg tho periodic h}'pcrv entfliation of the Andcans Respire 
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tory trajmng is important The respiratory adaptation to anoxemia has been 
studied by Forbes, Barcroft, Monge, Hurtado and Leon Vital capacity is con- 
siderably mcreased (Hurtado and Leon) The most important ivork has been 
earned out bj'’ Hurtado and Rotta (16), from whom I quote a summanzed re- 
port 



ABSOLUTE \ ALOES 

RELATIVE \ ALOES 
(total CAPACITY 100%) 

3 7 km altitude I 

Sea level i 

3 7 km 

Sea level 


UUts 

UUts 



Resp air 

2 11 

1 60 

33 2 

26 1 

Mean capacity 

1 3 58 

2 89 

56 4 

60 3 

Vital capacity 

! 4 18 

4 30 

66 8 

73 8 

Total capacity 

6 28 

6 86 




Accordmg to them, the higher total capacity and the absolute and relative 
increase of residual air suggest a functional compensatory emphysema, as Hur- 
tado pointed out (1928) This condition disappears at sea level, so it is not a 
truly acquired but an easily reversible characteristic Lhirmg subacute moun- 
tam sickness, the vital capacity is decreased, to nse progressively with ameliora- 
tion The respiratory form and rate acquire the modahties of Andeans after 
exercise, with the appearance of signs of dyspnea and asphyxia Hyperventilation 
may lead to tetanus One can observe the anarchy of the respiratorj' control 
shallow respiration followed by deep breathmg, penodic and Cheyne-Stokes 
breathing, sudden deep inspiration, apneic phases with sensations of impendmg 
asphyxia rather pronounced at mght The last may awake the patient and dis- 
turbs sleep (Amaez, Lmch) 

Mon-Chavez (17a) has pomted out, m acclimatized gumea pigs, a hyperplasia 
of the capillary bed and diminished artenolar structure which permit an increase 
of the Oj diffusion surface, facts which must be related to the common observa- 
tion (Orbigny) of a greater lung size In the Andean, the chest \-ray has a 
charactenstic appearance The lung transparency is greater than at sea level, 
the hilus shadow is noticeably enlarged, and the pulmonary trunks are consider- 
ably emphasized, accordmg to Garcia Rossell (18), and Saye and Monge In 
sub-acute mountam sickness, this condition is more accentuated In some 
eases pulsation of the hilus shadows appears on fluoroscopy In chronic cases, 
the vessels’ dilatation gives the aspect of pulmonary passive congestion In 
some advanced cases, the x-ray films have the appearance of pneumoconiosis, 
which has led to erroneous diagnosis, as Jimenez has stated 

Basal metabolism and nervous system VTuIe the basal metabolism of 
Andeans is normal accordmg to Hurtado (5f), I have pomted out that, in moder- 
ate cases of subacute mountam sickness, there are often lower values which ap- 
proach or reach normal metabolic rates with acclimatization There is hjqier- 
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tonm of the i egetstii e system, as proven by the oculo-cardiac reflex teat (Mongo, 
li Peace, 36a, Aste, 7), during iviuch the Andeans do not feel any distress at all, 
despite a fall of 60 to CO in pulse rate In contrast, cases a ith moderate symp- 
toms of sub acute mountam sickness frequently collapse In normal Andeans 
Pesce and I aero able to gi\ e mtravenously 3 6 mgm of atropine inthout clmical 
symptoms The increased vagal tonus seems to cause brady cardia after oxer 
CISC The parallel activity of the syTnpathetio adrenal system (Mongc) may 
explam the techy cardias of sinus ongm The hypertonus of the i agal and sym 
pathebo norv es must ha\ e some coimecbon aith the stability of the vaso motor 
center and reflex ner\ ous system. Gellhom’s findmgs on man in expenmontel 
anoxia can give an interpretation to the x erbgo and the coUapsmg form of sub- 
acute mountain sickness In spite of Hurtado s findmg of a decreased gastne 
acidity, observabon shoira a hunger sensation after moderate exercise Stomach 
ulcers arc aggravated at high albtudes Indigesbon and diarrhea are common 
Certainly some digesbxc disturbances may be due to the sensibxabon of the 
sympathebes by an increase of pH, as Van Liere (19) has suggested Indeed a 
good deal more m\ esbgabon of this type is needed (t'an Liere) 

Clmical observabons show that changes m the psynhological behavior at high 
altitudes are very frequent (Barcroft, Enemas), and soxcral psychiatric condi 
bons may result (Monge) McFarland (20) has earned out the most important 
research on the members of the Intemabonal Expedibon to the Andes By 
means of psychological tests m\ oKnng complex mental funebons, he found reli 
able differences from performance at sea lex el These manifestaUons arc In har- 
monx xnth the effects obserx ed by the same author m flying or m pneumabc 
chambers 

On the basis of tus expenments, Hahn (21) (of the National Institute of Andean 
Biology) states that it is a mistake to gencrahie, smcc some subjects are not 
affected by altitude All psychological actixubcs arc slowed mid it is difficult 
to mamtem attention (Ziehen’s method) Exen a very complicated task, m 
\ olvmg eye and hand co-ordmation (mirror draxvmg of Giese), could bo earned 
on m the mildest forms of sub-acute mountain sickness but more time xvas 
required Mental trammg and automatiiation seem not to bo affected Ho 
emphasiies that m color nammg (McFarland s method), if the verbal expression 
IS subsbtuted xnth a wordless procedure (Hahn’s), the rate of errors is not 
affected by altitude Regarding Andeans, there are no marked differences m 
xisual reaction time, but loxver motor speed x alucs (tapping of Whipple) are 
found As regards attenbon, he found clearly loner values than at sea lex el 
(Toulouse, Picron’s method — unpublished xvork) 

Blood aad-boK balance Reported chongee of add base equihbnum produced 
by hyperventilation, based on hydrogen ion concentrabon obserx-abons, are not 
in agreement because researches hnxe been earned out xnth subjects whose nccli 
matlinbon had not been cntirelx dctcimmed Some of them exddently suffered 
xnth sub-acute mountain sickness Jlongc pomted out (1928) that adapted 
people hnx e a higher scrum pH x alue than acclunabrcd people Hill, Christian 
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sen and Edwards (22) found in adapted men a tendency for a sbght mcrease m 
pH, progressive with altitude to about 4 6 km Above this level the pH dimm- 
ished but was higher than that of acclimatized residents 

Aste reported the same facts m chrome mountain sickness at 3 2 km altitude 
In general, the blood pH value is found withm normal limi ts with a marked 
tendency to be on the alkahne side Aste, as ivill be seen later, found a greater 
difference of pH between artenal and venous blood in Andeans than the normal 
value at sea level m his studies on chronic mountain sickness However, Dill, 
Talbot and Consolazio (23) found normal values at a higher altitude Dill, 
Talbot and Consolazio showed that m habitable places, both COj and alkaline 
reserve dimimshed, but never in sub-acute mountain sickness did the fall reach 
the lowest values of the residents, accordmg to them, months will be required to 
reach these values With very crude methods, V Villa-Garcia (1935) and I 
(1]) amved at the same conclusion, measunng the mcrease during adaptation 
Smee 1928, 1 have emphasized the fact that, m spite of a mmimal p CO 2 and CO 2 
content, the blood of Andeans has a higher buffer capacity than that of individu- 
als with sub-acute mountain sickness At least this capacity is equal to that of 
the sea level man who has a much greater p CO 2 and CO 2 content Probably, 
there must be a readjustment of buffers, the nature of it bemg unknown , thus the 
buffer system must be compensated The increased hemoglobin might account 
for some of the difference accordmg to Dill, Talbot and Consolazio (23) They 
state that there is a deficit of 2 milh-eqmvalents in the balance of electrolytes, at 
5 3 km altitude However, the problem is not yet solved Certainly the 
organism as a whole must find some new regulatory mechanism to stabilize the 
mtemal respiration as a balanced mirror of the external environment The 
different steps desenbed by Y Henderson, as a consequence of decreased oxj’^gen 
pressure, have been outhned m sub-acute mountam sickness by Monge (1928) 
who established the reciprocal relation between the blood alkahne tide due to 
dumnshed CO 2 and the ehmmation of the bases through the unne as measured 
by pH ammoma, and titratable acidity A reversible process is found on retum- 
mg to sea level (Monge, lb) I have observed m Andeans (1928-1935) that the 
shift of pH after moderate exercise is equal to or less than that attamed at sea 
level In sub-acute moimtam sickness it is considerably greater and diminishes 
with acclimatization, as has been proved by standard exercise performances 
(Monge, 37) 

Andeans show a high capacity for w'ork “Every few rmnutes one would 
appear (Cerro de Pasco, 14,700 ft altitude) carrying a weight on his back of a 
hundred pounds brought up from 250 feet lower down” (Barcroft) Tlie reviewer 
insists upon these facts because the hterature of this subject is full of erroneous 
statements smee the time of Jourdanet and Barcroft The Andean is constructed 
like an athlete This means that sub-acute mountam sickness is a disease of 
temporarj' or permanent disabihty, a fatigue disease As m athletics, acclimati- 
zation means fitness for contmuous anoxia Mountam sickness suddenly 
changes the endurance of a tramed mdividual mto an unfit, unable to reach a 
high pulse rate as at sea level, or to hyperventilate adequately to permit suitable 
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x\'ork of the heart (Chnstensen, 36) Certainly the transport of COi the ensy- 
matic activity of the internal milieu m fixing 0,, and a greater cardiac output, 
must play a most important r61o in the altitude homeostasis, as Dill suggested 
(24) 

Blood Barcroft (2), Heraud (Ik), Hurtado (6a-g), Hurtado and Gusman 
Barron (6h), Talbot (25), Capdehourat (11) and Aste (unpublished ^^*ork) have 
confirmed the high altitude polycythemia found b> Viault and have studied the 
blood morphology and hemoglobm, nhich do not differ from the situation at sea 
level (Hall, 26) I have summanxed the most recent observations m table 1 

It can be seen that the red cell count, hemoglobm and hematoent are higher 
than at sea level Hurtado has calculated the several blood variables He 
pictures the erythrocyte as a cell of greater ei»e with less hemoglobin end oxygen 
saturation to facihtate the gaseous interchange. In general, the results need to 
be revised m relation to ecological surroundmgB In sub-acute mountain sick- 
nees, Monge has found a higher count of erythrocytes than the normal value at 
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the same altitude (3 7 km,) This ma> be deduced also from Talbot’s data at 
2,8 km m the Andes. Talbot s observations show a progressive increase of the 
coimt up to about 6 kra altitude but it never attained the level of residents 
Higgler up, at 0 1 km , the count y>'as lower In general, when the adaptative 
stage reaches an upper himt and acclimatixation docs not come, the number is 
enormously mcrensed The hemoglobm follows a parallel curve Talbot sug 
gesta that to reach a moxiraum of hemo^obln months or years may be required 
Hurtado found In Andeans a blood viscosity of 8 0 (± 0 14), a coagulation tune 
of 6 6 (d: 0 12), a serum bilirubm of 07 mgm per cent Urtcaga (unpub- 
lished work) has found m 6 cases a bDirubmomia average of 13 7 per cent direct 
Van der Bcrgh 4 per cent, indirect 9 7 per cent. He considers this increased 
threshold of bihrubinomia os normal smcc the excretion bilirubin test gi\c8 
normal curves, if referred to this higher threshold Ho suggests it might be a 
device to save the pyrrholic nuclei needed m hematopoiesis (Urteago, 27) 
Palti (28), at 3.2 km m one hundred nathe Andeans, has found a calcium \aluc 
of 11 02 (±0 06) mgm , slightly aboAo thatof 11 00 (± 0 00) at sea level The 
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active Ca was higher at the high altitude In sub-acute mountain sickness, 
hypercalcemia, returrung gradually to normal, was noted m severe cases Salas 
(29), in fifty natives at 3 2 km , has found higher blood protem values than at sea 
level In sub-acute mountam sickness the protememia was still higher Per- 
haps his observations did not last long enough to encounter a reverse change 
San Martm (30) has confirmed m seven mdmduals the slight blood sugar in- 
crease found first by Forbes (31) m sub-acute mountam sickness, and m addition 
has noted higher values of blood corpuscle sugar compared mth sea level values 
He found 0 71 mgm per cent, instead of 0 59 mgm , in heraatocnt value, 0 97 
mgm instead of 0 46 per cent Probably with acclimatization blood sugar may 
come back to lov er levels, as was found by Forbes There are not enough data 
to make definite conclusions I have found the white cell count normal m 
Andeans but slightly mcreased m sub-acute mountam sickness Most impres- 
sive are the mcreased number of reticulocytes and the presence of an enormous 
number of histiocytes m mild forms of altitude disease Even m normal men 
they have been present (Hurtado, Barcroft, Monge, Talbot) 

Barcroft’s work regardmg arterial blood O2 saturation established that the 
Andeans had a lower value (80-82) than newcomers (90-92) Hurtado con- 
firmed this, as did different members of the Chilean International Expedition 
The most extensive work has been done by Hurtado, who has estabhshed par- 
ticular levels of artenal blood O2 for different altitudes Aste, at 3 2 km , has 
found saturations more hke those at sea level (93 5) Dill, Christensen and 
Edwards (22) have confirmed Barcroft’s view that diffusion alone accounts for 
the transfer of gases m the alveolar epithehum Keys, Hall and Guzman Barron 
(32), workmg at several progressive altitudes, have stated that the “physiologi- 
cal” deviation curves tend to shift to the left of sea level values until about 4 5 
km altitude and to the nght at higher stations “This may or may not be re- 
lated with the fact that somewhere around this altitude there is not a relation- 
ship between O2 artenal saturation and the well-bemg of the subjects ” On the 
contrary, the natives have the lower saturation So, m order to explain the 
mability of the body to fix oxygen m mountain sickness, Guzman Barron, Dill, 
Edwards and Hurtado (33) suggested a disturbance of the oxidation-reduction 
system Edwards (34) argued that the problem is one of utilization rather than 
of transportation and suggested that myoglobm plays an important r61e In 
fact, Hurtado, Rotta, Menno and Pons (35) proved this to be true as regards the 
myoglobm Since Campbell’s research, particular attention has been paid to 
the oxj'gen capillary pressure In discussmg acclimatization, I reported higher 
venous O2 saturation and pressure m cases of sub-acute mountam sickness as 
compared to Andeans, as if the tissues had not taken oxygen from the blood 
(1928) (la) Aste (unpublished work), companng the artenal and venous O2 
saturation of normal and chrome mountam sickness mdmduals, has found facts 
m agreement w ith my previous mvestigations Thus he pomts out m acclima- 
tized men an artenal-venous 62 difference of 60 5, as compared with only 39 8 m 
patients In spite of the fact that there are other factors w hich can influence the 
uptake of O2 from the blood, it is mterestmg to pomt out that a charactenstic of 
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mountain Bickness la tliat the Oi flows by without being taken up by the tissues 
The same holds true for patients suffering with sub-acute mountain sickness who, 
on bemg brought to sea Irn el durmg tlio rccupcratii e period, show a dimmished 
Oj mtake These facte were so impressive that the reviewer could suggest (1928) 
that “altitude changes the capacity of the tissues to fix Oj Wo can suggest that 
there are unknown substances which bring about acchmatiration” (la) This 
opmion etui is in harmonj with the modem concept of biochemistrj (38) 

Chrome mountam neknea The chmcal picture resembles fully advanced 
cases of Polj cythemm vera The patient, at rest, has either an erjdhrose color, 
which turns blue on the least effort, or a dark cjnnotic color more conspicuous 
m the face and hands There is a gencralued dilatation of the blood vessels 
The sclerao are mtensclj colored b} distended capillanes, the ej es bemg hidden 
behmd edematous and bluish ej elids The nasal and oral mucosae are wine red 
The skm of the body is dry, while the forehead and hands are usually cov ered 
with sweat The hands show clubbmg of the fingers The nails appear to be 
inserted hke watch crystals Epistaxis is frequent hoarseness and aphonia are 
often noted The thorax is enlarged— of the emphysematous type The pa 
bent feels extremely weak, has a tendencj to sleep and is frequently found in a 
state of drowsmess Sometimes ho falls into coma for two or three hours Spells 
of dimness and faintness occur On occasions there are crises of vonutmg 
Constipation alternates with diarrhea Dyspnea is permanent, bronchitis is 
frequent There are recurring congestive processes of the lungs with hemoptysis 
and low fever, which disappear w ben the pabent goes down to sea level Cardiac 
disorders are not found for a long bme, but n^t heart msufficicnoj supervenes 
with the progress of the disease Cardme pains of angmal distiibubon appear 
m some cases In one case, simidtaneous with angor, the vision grew cloudy 
and the patient became unconscious and fell Hyperthermia v cry rarely occurs 
Temporary blmdness (Dammert) and temporary deafness are pot infrequent 
The hver is moderately enlarged Enlargement of the spleen has been found in 
12 per cent of tho cases 

Algesias and paresthesias are a common complamt. Excruciatmg pains in tho 
cxtrcmibes and pam m the lumbar region or m tho jomts parbcularly m tho 
tendon attachments at joint cavibes, arc present The pam sometimes immo- 
bilises the patient durmg sev oral days or weeks, only to disappear spontaneously 
or when descendmg to a lower altitude Bleedmg improves this condibon 
Some of these symptoms which I described (1028) are similar to those found by 
Armstrong m avnators There may bo violent cephalalgia, subsiding after 
lumbar puncture Paresthesias are v aned m type and locahiation unpleasant 
sensabons of heat m the face or of hot water being poured on tho back One 
patient bad the sensation of tho loss of one hand Formicabon in the feet and 
tho sensation of bemg pneked by pins are frequent 

In cases of severe involv ement it is possible to find marked disturbance m tho 
behavior and memory of tho pabents — the entire psy chic personality appearmg 
altered Nerv ous exhausbon is v cry common The patients complnm of sexual 
frigidity 
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active Ca vas higher at the high altitude In sub-acute mountam sickness, 
hjTDercalcerma, returning gradually to normal, was noted m severe cases Salas 
(29), m fifty natives at 3 2 km , has found higher blood protem values than at sea 
level In sub-acute mountam sickness the protemenua was still higher Per- 
haps his observations did not last long enough to encounter a reverse change 
San hlartm (30) has confirmed m seven mdmduals the shght blood sugar in- 
crease found first by Forbes (31) m sub-acute mountam sickness, and m addition 
has noted higher values of blood corpuscle sugar compared mth sea level values 
He found 0 71 mgm per cent, instead of 0 59 mgm , m hematocnt value, 0 97 
mgm mstead of 0 46 per cent Probably mth acclimatization blood sugar may 
come back to Imver levels, as was found by Forbes There are not enough data 
to make definite conclusions I have found the white cell count normal m 
Andeans but shghtly mcreased m sub-acute mountam sickness Most impres- 
sive are the mcreased number of reticulocytes and the presence of an enormous 
number of histiocytes m mild forms of altitude disease Even m normal men 
they have been present (Hurtado, Barcroft, Monge, Talbot) 

Barcroft’s work regardmg artenal blood 0% saturation established that the 
Andeans had a lower value (80-82) than newcomers (90-92) Hurtado con- 
firmed this, as did different members of the Chilean International Expedition 
The most extensive work has been done by Hurtado, vho has established par- 
ticular levels of artenal blood Oj for different altitudes Aste, at 3 2 km , has 
found saturations more hke those at sea level (93 5) Dill, Christensen and 
Edwards (22) have confirmed Barcroft’s view that diffusion alone accounts for 
the transfer of gases m the alveolar epithehum Keys, Hall and Guzman Barron 
(32), workmg at several progressive altitudes, have stated that the "physiologi- 
cal” deviation curves tend to shift to the left of sea level values until about 4 5 
km altitude and to the n^t at higher stations "This may or may not be re- 
lated vith the fact that somewhere around this altitude there is not a relation- 
ship between O 2 artenal saturation and the well-bemg of the subjects ” On the 
contrary, the natives have the lower saturation So, m order to explain the 
mability of the body to fix oxygen m mountam sickness, Guzman Barron, Dill, 
Edwards and Hurtado (33) suggested a disturbance of the oxidation-reduction 
system Edwards (34) argued that the problem is one of utilization rather than 
of transportation and suggested that myoglobm plays an important r61e In 
fact, Hurtado, Rotta, Mermo and Pons (35) proved this to be true as regards the 
myoglobm Smce Campbell’s research, particular attention has been paid to 
the oxj’^gen capdlary pressure In discussmg acchmatization, I reported higher 
venous O 2 saturation and pressure m cases of sub-acute mountam sickness as 
compared to Andeans, as if the tissues had not taken oxygen from the blood 
(1928) (la) Ante (unpublished work), comparmg the artenal and venous O 2 
saturation of normal and chrome mountain sickness mdividuals, has found facts 
m agreement wnth my previous mvestigations Thus he pomts out m acchma- 
tized men an artenal-\ enous Os difference of 60 5, as compared v ith only 39 8 in 
patients In spite of the fact that there are other factors v hich can mfluence the 
uptake of Os from the blood, it is interestmg to point out that a charactenstic of 
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an eosinophilm Certainly there is established at high altitude a new equllibnuin 
between the increased hematopoiesis and the mcreased destruction of red cells 

The characteristic feature that gives this disease its personahty is the fact that 
all troubles and Die disappear when the patient is brou^t to a lower altitude or, 
of course, to sea level This undoubtedly is due to a single cause anoxemia 
Usually after a stay at sea level, the patient can return to the alUtudo and live 
there for some tune without great discomfort As tune goes on, however, the 
sea level cure fades and asphyxial disorders conducive to immediate death in 
coma and acidosis may occur as soon as the pabent reaches hi^ alhtude Most 
of the patients become acohmatiicd temporarily at a lower albtudc, but at tunes 
they have to go down to sea level 

I have described several vanctles of chrome mountam sickness, accordmg to 
the predommance of oxygen want m certam bssues or organs I shall enumerate 
them bnelly In the congested cerebral form (If) appear (1030) spasms of pain 
ful headache, fullness of the head, photophobia, capillary ocular injecbon, blur- 


TABLE 2 


>Looe 

cowpmow 

IJLC. 

SI»0> 

otonx 

■ZMA* 

lectit 

H,e.v 


«.cJlb 

CDXCtXT 

Venous 

Aeelimatiiod 
, UoaeeUmatleed 
(chronic moun 
liekccBS) 

mOlUiu 

5 S5 

6 M 

fcT tni 

17 60 
20 92 

ftr (nU 

47 g 

66 2 

CM, mitrfwt 

82 6 

86 4 

' 

TT 

so 6 

82 2 

i ' 

cni 

36 0 

37 2 

1 

Arterial 

Aeoliroatlied 
Unacclimatised 
(chronic moun 
slckneai) 

6 14 

6 21 ' 

17 60 
20 21 

47 3 

67 4 

77 6 

92 6 

28 7 

32 7 

88 0 

38 3 


nng of vision or deafness, scotoma, lacrimabon, vertigo, dinmess, general 
sweatmg and vomituig, mtense cyanosis, bradycardia, drowsmess and uncon 
sciousness Tho spinal fluid pressure is enormously mcreased Arellano (0) 
has established that repeated lumbar punctures relieve the pabent Frequently 
spontaneous epistaxis ends the crisis Neurological forms, with monoplegia or 
hemiplegia, sometimes appear In one case, after several months of moderate 
erythreraic symptoms, the pabent suddenly dev eloped a modest degree of palsy 
of tho right arm and apbasm lasbng several minutes Every morning for eight 
days the trouble returned On coming down to sea level the symptoms disap 
pcared Two months later the pabent returned to high altitude but after a 
stay of threo weeks tho troubles reappeared and be was obhged to give up his 
work Now ho IS entirely normal after two y cars at sea level Collapsing forms 
are frequent and usually are associated with a syndrome of hyperv entilabon and 
tetany In one case of moderate erythremia at -i 0 km , two attacks of tetany 
occurred at an mtcrv al of several years, prov oked by a h^t bronchial inflamma 
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tion The condition ^\as so severe that the patient, in status tetania, was 
transferred to a lower altitude (2 8 km ) and the symptoms disappeared dunng 
the tnp 

Cardiac, digestive and pulmonary emph3aematou6 forms are frequent I 
have observed one case of erythremia with crises of mtense cephalalgia (once 
reheved lumbar puncture) accompanied by albummuna, all of vhich disap- 
peared when the patient came to sea level The sjmiptoms and the albummuna 
recurred agam at the high altitude At sea level dunng seven years the patient 
remamed normal Recently he returned to high altitude and developed a 
syndrome of high artenal pressure, without renal msufficiency, which was cured 
on retummg to sea level 

Mental forms are common (Monge, Ig) In a recent case a change of the 
personality was surpnsmg The patient found himself unable to work, he saw 
eveiything vTong, he v as afraid to meet his employees Sometimes he got up at 
mght and pretended to vork He reahzed that there ivas nothing to do but he 
went just the same Fmallj' he conceived the idea of committmg suicide He 
was immediate^ reheved on bemg brought to sea level The mental disturb- 
ances came back when he returned to the high altitude At sea level he now 
enjojrs a permanent cure 

When one considers the clinical syndromes vhich lead to polycythemia, a 
clear division mto two groups may be established To the first group belong 
the lung and cardio-artenal processes which act mechanically on the perme- 
ability of the respiratory epithehum Its symptomatologj', besides polycythemia 
and changes of the acid-base equihbnum, is distmctly pulmonarj'^ In the 
second group there is polj'cythemia and a definite climcal syndrome — the so- 
called erythremic sjmdrome (Vaquez, Osier, Monge) with its ubiquitous pa- 
thology never found m the first group These two diseases of equal nosographic 
symptomatology, polycj'themia vera and chrome raountam sickness, have dif- 
ferent pathogenesis the cause of the second is clear — anoxemia No one knows 
the cause of potycythemia vera After mj’’ first paper (1935), I was inclmed to 
accept the identity of both because there is a gradient of frequency of cases from 
the high altitude “inhabited” places to the lower “habitable” places and finallj’' 
to sea level Thus I do not see anj’’ reason to discard the possibility of the loss 
of acclimatization at sea level It would remam to be demonstrated that oxygen 
therapj' relieves selected cases of Vaquez disease at sea level Unfortunatelj' 
the therapj’’ done m compressed chambers is not conclusive Several months, 
at least, are needed to have a stead3’’ amehoration at sea level H3Tiertension 
and enlarged spleen may be found m chronic mountam sickness 

As a h3'pothesis of pathogenesis I suggested (1928) that impermeabihty of 
the lungs is due to a low diffusion coefficient of Oj, as can be deduced from Har- 
rop’s work (39) However no proof has been given Hurtado (5d) m his last 
paper stresses the importance of lung fibro-sclerotic changes due to anoxenua, 
mcreased artenal pulmonary pressure and high viscosity He thinks that mor- 
phology has been unduly neglected Structural changes of the lung alone, as in 
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pulmonary sclerosis, TV'ould not explain the uni\ creol cellular pathology ^^'hlch 
occurs m chronic mountain mcknees So it ma> be a pnmarj chemical dysfunc 
tion If the hjiiothesiB of Gusman Barron, Dill, Edwards and Hurtado con 
cermng the alteration of the oxidation reduction systems due to low Oj pressure, 
which is supported bj the findmgs of Mongc (1928) and Aste (1940) regardmg 
Oa not taken by the tissues, is accepted it must hold for lung tissue metabobsm 
Ccrtamly the Iming of the respiratory cells which regulates Oj passage from the 
al\ eolar air to the blood must be mcluded m the same cnrymatic dj'sfunction 
Besides, this hypothesis must be extended to the mechanism which regulates 
the transport and elimination of COj for carbonic anhjdmso accordmg to 
Meldrum and Rou^ton pla\'B a deciaiic r61o in the output of COj from bicar 
bonate in the lungs Dysfunction would mean disturbance of CO* elimination 
which always occurs as soon os mountam sickness begins There is not anv 
fact suggestmg a deficieno of mineral traces Normal enzjmatic equilibrium 
explains the whole process of the accllmatifcd organism mtegmted b> hormonal 
and nervous deMccfi Its failure would mean chronic mountain sickness eitlicr 
ubiquitous or electuo as It happens to be, in tiic case of lesions of the germinal 
cells 

Tlic laatmg treatment is the euro at sea level I have tned x ray thcrapi to 
shorten the time of recuperation 

Inapparcni dironic mountain stchic$8 and the phystoiogy of rqpTodudton at the 
high p}ateau$ It is a very well known fact in South America that high altitude 
exercises a delctenous mfjuence on fertilit> Clinical observations prove it in 
man and in animals (Mongc 40f) I have described cases of fertde couples 
at soa level who wore Infertile at high altitude In one cose the infertility of 
the male was demonstrated Carvallo (personal commumcation) found two 
cases of sea level men commg from high altitude in which no spermatozoa could 
be foimd It is a common fact that adapted pregnant women often come down 
to the coast to be delivered because miscamages and sometimes sudden deaUi 
of the new born happen at tho heights In animal breeding I have pomted out 
(1940) some interesting facts Eggs from sea lev cl do not liatch at high altitude 
(Humboldt, Agoizoti) A couple of dogs brought to Lassa (Thibet) never 
reproduced according to Cutting (41) Stcnhtv m rabbits, horses, cattle and 
cats has also been found 

It 18 mtcrcslmg to recall Father Calancha’s observation (1039) that tho 
Spanish coniiuerors at 14,000 feel (Potosi Bolma) did not have offspring until 
fifty*cight >earB after the citj vvas founded In 1535, tho capital of Peru was 
transferred from Jauja (11,500 ft ) to Lima (sea level) because tho horses, fowl 
and pigs did not reproduce, as is stated m the act of foundation of Lima Father 
Cobo (1005) eatablislicd ■Mcndclion anticipations m saying “Tho Indiana arc 
stronger and multiply enormouslj whflo the majority of the children of Spanish 
parents bom in such climates do not hvc the climate’s influence is visiblo m 
the half breed and quarter breed , the more Indian blood, the better thej 
grow (40n) ’ On the other hand, the birth rate of the Andeans is equal to that 
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of the sea level people I quote from the last census of Peru, the following 
figures through the courtesy of Dr Area Parro 



ALTITUDE 

0-2 km. 

2-3 km 

3-4 4 kttm 

Population 

Birth rate % 

2,261,718 

28 

1,696,004 

26 

1,742,229 

26 


Thus the physiology of reproduction in the high plhteaus is normal in regard 
to the birth rate of the Andeans 

Research m the physiology of reproduction related to subacute, chrome, and 
particularly mapparent chrome mountam sickness has been conducted by Monge 
and associates (40b) Monge and Mon-Chavez (40e), on examming cats sent 
to 4 4 km altitude, found that the testes were devoid of the genmnal epithehum, 
Sertoh cells replacmg spermatogoma Even basal spermatogoma had disap- 
peared The Leydig cells showed a noticeable mcrease In some rabbits they 
found that the majonty of the seminiferous tubules had only the basal Ime of 
spermatogoma and Sertoh cells In others, there was a second row' of spermato- 
cytes but neither spermatocides nor spermatozoa In some rabbits the process 
of recovermg was visible 

The research m sheep planned by Monge (40c) and conducted by San Mar- 
tm (42) is very prormsmg Sheep acclimatized at high altitude smee the seven- 
teenth century have 100 per cent fertility The fertihty comes down to 30 per 
cent when pure-blooded imported rams, from sea level, are used for cross breed- 
mg With progressi've adaptation, fertihty can be raised to 60 per cent to 70 
per cent But m order to attam this result 4 to 7 rams per hundred are used 
instead of the one or two at sea level So there is m general a very high per- 
centage (40-50 per cent) of infertility w'hich, accordmg to current opmion, is 
due to the ewes bemg infertile (“machorras”) This percentage, m my opmion, 
could be the statistical result of ew'es mated with rams of unproven fertility 
Actually when the rams are brought to a lower altitude they recover their 
fertihty From the research now m progress, two facts deserve special mention 
In a group of 67 supposedly selected acchmatized rams, the vanation of semen 
pH was 5 6 to 8 5, w'hich mdicates that the pH regulatory system fails at high 
altitude The motility was dimmished and the sperm was not smted for msemi- 
nation Only m 23 was the pH withm normal range 6 2 to 6 8 Recently , 
wuth the aid of San Martm, a study has been made of 2 rams selected as «res 
m Chile (sea level altitude) and brought to Huancayo (3 2 km altitude) Their 
food was selected, both suffered from mountam sickness dunng the first week 
Then the}' were apparently normal One, after eight months, does not have 
spermatozoa but has an exaggerated sexual desire The other, after an imtia 
stage of reduced spermatogene^ (twelve nulhon germmal cells instead of a 
thousand milhon), high pH (8 6), and absence of motility, has recovered 
ever, he has verj' low sexual desire Easly, on the other hand (unpubhshe 
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work), tested a gro^ip of rams rccentlj brou^t to an altitude of 4 km. and found 
40 por cent of them fertile 

By sdecUng normal semen and artificial msemmation, it was possible to get 
86 4 per cent pregnancy in the supposedly infertile ewes (“machorras”) (San 
Martm) Thus was proved the inferlilitj of the males and the fertility of the 
females (“machorras”) (1041) The emphasis given to this pomt is explainable 
because it concerns eleven milhon sheep m Peru alone ’ In a field experiment 
at the altitude of 4 km with only one selected ram, se\en hundred ewes were 
mated wifh a resulting pregnancy of 68B per cent The control group, seven 
hundred ewes mated with 49 rams as usual m the high plateaus and under 
natural condiUons, gave only 00 per cent pregnancy So animal races can bo 
created through scientific discnmmation 

Here I enter on particularly mterestmg ground race pathology, as a function 
of mapparent climcal disturbances Chronic mountam sickness cannot bo 
judged only by a general appearance or bj an outstandmg climcal symptoms 
tology Its influence may be extended electii ely to the germinal cells In high 
altitudes men both phj-sically and mentally, might seem to be at their best 
but at times they arc sterile In animals the same thing occure. Even though 
the sexual desire is manifest, the observer may be misled It is not an exaggera 
tion to stress the gravity of these findings m regard to the problem of population 
and the jxesiblhties of human and animal races not smted for acclimatuahon 
One IS obliged to accept the fact that the autochthonous Andean man belongs 
to a cllmatophysiological variety of human race which has adequate power of 
reproduction m an atmosphere of permanent anoxia. This maj help to explam 
the attachment which that man has tor his altitude environment, the ailments 
suffered by him in the traumatic climate of the lowlands Oowland sickness) 
and the urge to return home that has made of him a nomad, and finally the old 
Inca mandate that permitted mass population displacements only to similar 
clunatcs — a factor still actii e m the annual work migrabons Certamlj , the 
Incas knew more about the influence of the high plateaus upon the mdmduals 
and the behavior of the autochthonous soaetics of America than do men of 
today (hlonge) Acclimatuation has a biological determinism on the individual, 
the race, the societies and the history of South Amenca (Mongo, 40d) The 
unfit are chminated through a process of natural selection (chrome mountam 
sickness), either visible or mapparent 
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THE HOLE OF THE Ln>m3 IN ATHEROSCLEROSIS 
EDWIN F HIRSOH atto SIDNEY WEINHOUBE' 

Tht Htnry Baird Fanil Laboratory of St Liikt t Hospital and Uts Dspartment 
of Palbolopy of the Unirtrsiiy of Chicago Chicago Illinois 

Atherosderosis of the aorta and ita branches, by far the commonest v asoular 
disease, ranks high among the causes of natural death m man Althou^ the 
records and observations of atherosclerosis in man and animals have great 
antiquity, no generally acceptable cause for the lesions has been established 
The tissue changes of atherosclerosia are regarded by some as part of an agomg 
process of the vessels, but accordmg to the opmion of others the lesions are 
caused by hpid Infiltrations of the intima and result from disordeis of hpid 
metabolism 

Deposits of hpids, the formation of fibrous plfiques and atheromas, tmd the 
deposition of calcnim m the mtuna of the aorta and its branches are the domi 
nant changes of atherosclerosis The initial gross manifestations of the disorder 
are fatty streaks or small nodules m the root, arch and postenor ivsll of the 
aorta, especially about the ostiums of the mtercostal artenes and other branches 
Growths of fibrous tissue m these fatty deposits form larger discrete and con 
fluent lesions Later, with necrosis, the ccntcre soften and become masses of 
soft hpid material and tissue debns, the atheromas IVhen the lining edge of 
the atheroma breaks, the lesion becomes an atheromatous ulcer Simultaneously 
calcification may occur, and later even bone tissues may form Injury of the 
hnmg of the blood vessels opposite those lemons favors thrombosis which m 
creases the gravity of the atherosclerotic lesions Ckimplete descnptiona of the 
gross and imcroscopic changes m aortic and arterial tissues with atherosclerosis 
have been published by Marchand (44), Dull (18), Leaij (39, 40), Aschoff (4, 6) 
and Frey (21) 

hlany pathologists, among them Yirchow (08), Sanders (68), Beitzke (9) and 
Wells (74) have stated that the development of atherosclerosis depends upon 
focal mjunos or retrogressive changes of the media, coramonl} attributed to 
an agmg process, the intiraa lesions, accordingly, being of sccondarj significance 
Another view favored by Marchtmd (44), Lubarsch (9), Aschoff (4, 6), Anits- 
chkow (2, 3), Leary (39, 40) and others has emphasiied the importance of the 
hpid infiltrations mto the mtuna The hpid deposits, thus, are primary , mitiato 
the other changes of the vessel walls, and atherosclerosis is a specific disease 
m which agmg of the tissues is only a contnbutmg factor 

Morphologic studies and chemical analyses of human and animal aortas 
have attempted to establish the sigmficance of the lipids m atherosclerosis 
The morphologic approach has demonstrated the presence of hpids, cspeciollj 
cholesterol, in the tissue lesions Chemical analyses hav e rev ealed the composi 

* The Seymour Coman Fellow in the Dejiartment of Pathology of the University of 
Chicago 
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tion of these lipid deposits and have provided data for comparisons mth the 
composition of hpids m other tissues of the body The results of these chemical 
anatyses also set apart the changes of atherosclerosis from those developmg with 
senescence of tissues Our review is lunited to these chemical phases of athero- 
sclerosis 

Changes in the chemical composition of the aorta with age Athero- 
sclerosis of the aorta and arteries is associated vnth an mcreased hpid content 
of the tissues The chemical analyses demonstratmg this mcrease are sum- 
marized by Wells (74) Because these analyses of entire aortas mcluded both 
the normal and the atherosclerotic tissues, no distinction was made between 
the chemical changes occurnng ivith the disease and those due to senescence 
Wemhouse and Hirsch (71), m a study of these problems, quantitatively ana- 
lyzed human aortas vnth and mthout atherosclerosis To avoid the possibihty 
of mcludmg pathologic tissues, only media, carefully dissected from the mtima 
and adventitia, was used The absence of retrogressive changes m the media 
was venfied by microscopic exammation 


TABLE 1 

Vanalion xn composition of media by age groups 


AGi: oioup| 

MOIETWE* 
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pHOsraAT»st 

OAXAC 
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1 Ester 
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soluble 
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insoluble 
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0-40 

68 4 

6 42 

1 05 

1 78 

1 24 

2 13 

0 22 
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0 69 
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41-60 

71 8 

8 31 
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2 23 
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1 25 

1 53 

2 70 

1 09 

1 10 

61-84 

70 3 

10 57 

1 87 

3 84 

3 30 

1 29 

1 69 

2 91 

0 96 

2 67 


* The average content is given ns percentage of wet tissue 
t The average content is given as percentage of dry tissue 


Lijnds A progressive mcrease m all hpid constituents of the media ivith 
age was observed (table 1) The free cholesterol in the highest age group was 
almost double the average value for the lowest age group The cholesterol 
combmed as estei m the highest age group almost tripled the amount m the 
lowest age group The phosphohpids as a whole mcreased only slightly with 
age Withm this class, however, there were relatively great changes In the 
aortas of youths, ether-soluble phosphohpids (lecithm and cephahn) preponder- 
ated, m the older aortas, ether-insoluble phosphohpids (sphmgomyehn) con- 
stituted the major portion of the phosphohpid The mcrease m the sphmgo- 
myelm fraption of the aorta from the lowest to the highest age group was great, 
from 0 22 to 16 per cent of the dry tissue An mcrease mth advancmg age 
nas observed also m the galactoside content, an observation m agreement with 
analyses by Kimmelstiel (32) 

Calcium The calcium content mcreased greatly mth age from a low value 
of 0 33 per cent to 2 57 per cent m the highest age-group The mcrease, oc- 
curnng ivithout endence of tissue degeneration apparently is a normal process 
mthout causal relation to pathological calcification of the mtima This is 
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demonstrated clearlj by a comparison of the calcium content of the medm 
ivith the correspondmg mtima In the middle age-group, for example, six mcdias 
contamed approximately equal quantities of calcium Two liad no mtimal 
changes, three had moderate atherosclerosis and the otlier had marked athero 
sclcrofos and calcification The lack of correlation between mtimal and medial 
calcification was more obvious m the highest age-group Of the two aortas 
m which the media contained the lowest calcium content, the intima ivas 
markcdlj calcified In one aorta, where the media had the higlicat calcium 
content, the mtima had the ah^test atherosclerosis, without calcification A 
similar increase of cholesterol and of calcium Avith advancmg age has been re- 
ported b> BQrger (11) not only m the aortas of man, but also of horses and 
cattle 

Moi^iwrt Delij'dration of the tissue colloids in the media lias been proposed 
08 on important factor of atherosclerosis Tins opinion is based upon the 
observations by BQrger and Schlomka (12) that tissues such ns costal cartilage, 
cornea and lens lose water progrossivelj wnth ago The loss m water, accord 
mgly, decreases the capacitj of the tissues to hold substances m solution, where- 
by the least soluble constituents, namely, cholesterol and calcium precipitate 
However, table 1 revealed no significant change m the moisture content of the 
media with mcrcasc m age This agrees with the results reported b> BQrger (1 1) 

Sumroanzmg the chemical changes of the media with age there is a significant 
increase m the free and total cholesterol phosphobpids, galactosides and glycer- 
ides as the tissues become older There is a marked mcrease m the calcium but 
no change m the moisture content All of these changes have no obvious rela 
tionship to the seventy of the mtunal lesions Chemical evidence therefore, 
docs not support the opinion that atherosclerosis occurs as a result of changes 
m the media 

Macroscopically and microscopicallv normal mtima tissue is relativeh rare, 
consequently too few analyses were earned out for conclusions regardmg the 
effect of ago on chemical changes m the mtima. Tissues from five normal m 
tunas were analysed In general they had a higher hpid content and lower 
calcium content than the corresponding media tissue The average v alucs for 
mtimal constituents calculated as per cent of drv tissue were free cholesterol 
2.20 per cent, total cholesterol, 6 92 phosphobpids 2 06, galactosides, 0 08 
total bpids, 14 4, and calcium 0 23 

Chanoes in the chehical cowrosmoh of the aorta wirn atherosclero- 
sis Cholesterol The first quontitntiv c dcterminaUons of cholesterol m athero 
sclerotic aortas were reported by Wmdaus (77) He found m two normal aortas 
0 110 and 0 107 per cent free cholesterol, and 0 032 and 0 047 per cent estenfied 
cholesterol In two atheromatous aortas, the \ alucs were 0 741 and 0 073 for 
the free cholesterol and 1 043 and 0 792 for cater cholesterol Thus, the atliero 
matous tissues contained six to seven times ns much free cholesterol and about 
twenty tunes as much estenfied cholesterol as normal tissues 

The next significant contribution to the chemistry of atherosclerosis was by 
SdiOnlieimer (59, 00) who rondo a systematic study of the effect of age and 
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atherosclerosis on the cholesterol content of the aorta In the normal aortas of 
youths, he found only small quantities of hpids, with mcreasmg age and mcreas- 
ing atherosclerosis there was a marked rise m the lipid content In a senes of 
these aortas the lipid content ranged from 0 2 to 1 8 grams The proportion of 
cholesterol m the extract was relatively constant, varymg only from 23 to 32 
per cent of the total hpids despite the great vanation m the amount of total 
hpids The estenfied cholesterol, however, mcreased with the rise m total 
hpids, amountmg to 57 per cent of the total hpids m the atherosclerotic aortas 
On the basis of these results, SchQnhermer concluded that the ongmal hpids of 
the aorta are augmented, m the development of atherosclerosis, by a hpid mix- 
ture contammg a constant proportion of free and total cholesterol Thus analy- 
tical evidence corroborated the view that the hpids of the blood infiltrate and 
are deposited m the mtima 

Quantitative analyses of human aortas by Kimmelstiel (32) demonstrated a 
proportional mcrease of cholesterol, phosphatides and galactosides until ather- 
omas formed The relations then changed and cholesterol mcreased rapidly m 
comparison with the other hpids Atherosclerotic aortas of non-diabetics 
accordmg to Lehnherr (41) contamed mcreased amounts of cholesterol, phos- 
phohpids and fatty acids, a greater proportion of total cholesterol m the hpid 
fraction, and larger quantities of calcium and phosphorus with a diminished 
Ca/P ratio The hpid deposits m the atherosclerotic aortas of diabetics were 
greater, but the quantitative relations of the fractions were similar The 
analyses of the “fat” content m 600 aortas by Eosenthal (67) confirmed those 
of previous reports disclosmg a larger total hpid content m the tissues of aortas 
vuth atherosclerosis He made no determmations of the mdividual hpids 

These analyses of entire aortas gave valuable information but did not differ- 
entiate between the chemical changes which occur with advancmg age and those 
due to the disease This was emphasized by Meeker and Jobhng (45) who ob- 
tamed a better understanding of the chemical changes occumng with the ather- 
osclerosis of the aorta by analyzmg the mdividual lesions, separated from the 
other tissue, and by compianng the values with those of the normal tissues 

In the normal tissues, 40 per cent of the hpids was cholesterol, of which 28 4 
per cent was estenfied and 12 6 per cent free, 16 per cent was phosphohpids 
and about 20 per cent was unidentified As the lesions mcreased m sevenfy, 
the proportion of cholesterol mcreased greatly, the mcrease bemg due almost 
entirely to free cholesterol The ratio of free to bound cholesterol mcreased 
from 0 43 m the normal tissue to 1 04 m the most advanced lesions A later 
study, by Zeek (78), substantiated these results 

As a part of a chemical study of atherosclerosis m the human aorta, Wem- 
house and Hirsch (71) separated atherosclerotic lesions of the mtima from the 
surroundmg tissues, determmed the calcium, hpid and moisture content, and 
compared these values with those of the normal mtima tissue The atherosclero- 
tic lesions were separated carefully from the media and surroundmg mtuna 
The 3 ’’ were classified as fatty plaques, fibrous plaques, calcified plaques, and 
atheromatous ulcers The first w'as the nodular or streaked yellow lesion m 
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■which the hpid matenfll was mainly mtra-cellular, and the intima thickened 
slightly but not scarred apprcciabh The second form vras the raised nodule 
or diffuse plaque of tough fibrous tissue with a pearlj luster, necrosis, and 
confluence of hpids The third form consisted of bnttle calcified plaques with 
soft necrotic centers The atheromas were ruptured or about to rupture and 
contamed, in addition to soft hpid matenal, blood clots and calcium deposits 
The results of these analyses are suramanted for comparison with those of 
normal intima m table 2 

They demonstrated a progressn e increase m the lipid content of the diseased 
tissues The relatively Ion hpid content of tho calcified lesions was due to the 
great density of the calcium salts contained thcrem 

Choletterol As tho lesions progressed, the proportion of the cholesterol m the 
Hpid extract rose from 14 2 per cent in the normal mtiran to 27 per cent ra the 
late stages The proportion of cholesterol esters mcreased less rapidlj and m 
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the lesions with the most extensive necrosis thou* amount was loner than m the 
mtcrmcdiato stages In agreement nith Meeker and Jobling (46), the ratio of 
combmed to free cholesterol declmcd m tho advanced lemons of atherosclerosis, 
despite an mcrcoBo m both substances 

Phospholxpid$ There nos a sh^t decrease in the total phosphohpids from 
about 20 per cent m the normal intima to about 13 per cent In tho calcified le- 
sions Tho constitution of this fraction, honever, changed grcatlj with advanc- 
ing 8e\cntj of the atherosclerosis In the normal intima, there was apprera- 
matcly twice as much of tho other soluble phospholipids Oecithm and cephalm) 
as ether insoluble phospholipids m tlic nciercU diseased tissues, the proportions 
nero nnersed 

Other hptda Free and combined cholesterol and phospholipids together com 
pnsed from 00 to SO per cent of the total bpids m atheromatous lemons Tho 
remainder consisted of gl^ccndcs, fattj acids, and small, though measurable 
quantities of a reducing lipid substance, prcsumabl> gabctosidc 
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Calcium The normal mtuna contamed much smaller amounts of calcium 
than the media In five samples of such tissues, the calcium content averaged 
0 23 per cent An mcrease was observed even m the early plaques, and as the 
lesion developed, deposition of calcium proceeded rapidly even before visible 
hardenmg had occurred In the grossly calcified lesions the calcium content 
vaned from 17 to 37 per cent, mdicatmg that almost complete replacement of 
the normal tissue structure by hpids and mmeral matter had occurred 
Factors in the deposition of lipids Origin of the hpids Determmations 
of the composition of the hpids m the mtima and m atherosclerotic lesions have 
added considerable support to the mfiltration theory If the deposits m athero- 
sclerosis of the aorta anse by infiltration of the plasma hpids, the hpid composi- 
tion of the fatty deposits, with httle or no necrosis, should approximate the 
composition of the hpids m the blood plasma The most comprehensive study 
of the lipid composition of human plasma is by Page, Kirk, Lewis, Thompson 
and Van Slyke (50) They detenmned free and total cholesterol and phospho- 
hpid in blood plasma of normal men of ages from 20 to 101 3 "ears The analyses, 

TABLE 3 


Comparison of lipid composition of blood plasma and arterial tissues* 



BLOOD PLASUA 

tHTIMA 

EABL\ FIJ^QVCS 

1 

UEDIA 

Free cholesterol 

14 1 

14 2 

16 2 

17 3 

Cholesterol esters 

38 3 

38 6 

38 5 

16 7 

Phospholipids 

1 22 8 

20 1 

19 0 

34 1 

Neutral fat, etc 

23 3 

27 1 

26 3 

1 31 9 


* The values are given as percentage of total hpid 


made accordmg to the gasometnc methods of Van Slyke and co-workers, are 
the best figures available at present As cerebrosides vere not determmed by 
these authors, this fraction has been mcluded m the neutral fat fraction of the 
figures reported by Wemhouse and Husch (71) to protude a better basis of 
comparison between the two sets of values Table 3 demonstrates a striking 
agreement between these analj’^ses, despite the differences m procedures 
The close agreement m composition between hpid extracts from the plasma 
and the normal mtuna and the wide differences betv'een the hpid extracts from 
the latter and the media mdicate that the hpids of the mtuna ongmate m the 
plasma rather than m the protoplasm of the cells The comparison also supports 
the validity of Amtschkon ’s opimon that the mtima is freely permeable to the 
hpids of the plasma and that the mtima has no selective action on these hpids 
The close agreement between the composition of the extracts from the normal 
mtima and that of the early fatty deposits suggests further that these deposits 
anse through non-specific deposition of the plasma hpids The changes in hpid 
composition nhich occur m the late stages of the lesions maj^ result from several 
processes These are phagoc 3 dosis and other reactions against a foreign sub- 
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stnnco, necrosis resulting from altered nutrition, or chemical changes of the lipid 
substance deposited m the tissues These processes, however, are secondary to 
the mitial deposition of the lipids 

The lipids of the human blood Page, Mrk, Lewis, Thompson and Van Sljko 
(50) observed no regular unportant changee m any hpid traction of the blood 
from youth to old age Their statistical analyse# mdica ted no greater difference 
between age classes than would be expected from the vanabihty with mdmduals 
of eumlar age When the total hplds In the plasma mcreased, the free and 
ester cholesterol, the phosphatids and the neutral fats participated m this m 
crease, but not to the same extent Free cholesterol changed the least and 
neutral fat the most 

The concentration of cholesterol m the serum of normal human bemgs of both 
sexes averages about 200 mgm with a range of from 100 to 400 mgm per 100 
cc (70) Except for a pronounced rise durmg childhood, the cholesterol lei el 
remams constant Accordmg to the reports of many m\ estigators, during adult 
life the cholesterol level of the blood tends to lemam constant and is not influ- 
enced by environmental conditions or hvmg habits Long periods of stan ation 
or cholesterol deprivation on the one hand, or overfeedmg with cholesterol on 
the other hand, produce httlo if anv changes in the blood cholesterol When 
great changes have been obsen ed m normal mdrviduala the amounts of choles- 
terol administered have been so large as to be unphysologic The changes m 
the blood lipids in alimentary hpemia are almost solely m the glycende fraction 
which may vary widely under normal circumstances Apparently m man, 
hj’percholcstercmia does not develop from the mgestjon of moderate quantities 
of cholesterol 

The blood lipids tn human atherosclerosis The relationship between hyper 
hpemia and atherosclerosis m man is obscure The mfluence of the amount and 
distribution of the blood hpids has been studied extensii ely, but the results are 
control crsial Smee atherosclerosis doielops without definite symptoms, de- 
termination of its presence and extent is difficult by physical exammation 
Therefore the relationship of blood hpid levels to this disease can bo Inferred 
only m studies of the blood lipids of patients with hypertension, angma pectoris 
and other diseases closely associated with atherosclerosis 

Mjassnikow (40) observed elevated lev els of the blood cholesterol m angma 
pectons, the values rangmg from 190 to 440 mgm per cent compared with 120 
to 170 mgm per cent for normal subjects Dans, Stem and Lesnick (16) like 
wise reported blood hpid levels frequently elevated m patients with angina 
pectons About 00 per cent had total blood cholesterol levels ov cr 260 mgm 
per cent, whereas only 20 per cent of normal subjects had values this high 
Values higher Uian normal for the blood phospholipids and fatty acids also were 
olisen ed In sev enty three patients with artenosolerosis obliterans, unassoci 
ated with dmbetes or hypothyroidism. Barker (7) found the mean value for 
blood cholesterol to bo 263 mgm. per cent, compared with 218 mgm for normal 
subjects Pomdexter and Brugcr (54) observed average values of 250 mgm 
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per cent for the blood cholesterol m twenty-four patients with arteriosclerosis 
and in nineteen with hypertension and artenosclerosis, as compared with 195 
mgm per cent m a normal group 

Other mvestigators, however, have reported normal levels of the blood choles- 
terol in chmcal diseases associated with artenosclerosis Andes, Kampmeiei 
and Adams (1) observed no difference m the cholesterol level of the blood m 
normal and artenosclerotic negroes Page, Kirk and Van Slyke (51), m sixteen 
patients vuth hypertension uncomplicated by nephntis, found normal blood 
hpid levels In no instance were the free and total cholesterol, phosphohpids 
and total hpids outside the range of normal values , nor were the mean and stan- 
dard deviations for these hpids different from those m normal subjects EUiot 
and Nuzum (20) found no significant elevation of blood cholesterol m fifty-three 
patients with hypertension and concluded that there was no correlation between 
the seventy of climcal artenosclerosis and the level of the blood cholesterol 

Probably the best study is by Landd and Sperry (37) Recognmng the diffi- 
culties m measurmg the extent of artenosclerosis by chmcal methods, they de- 
termmed the blood cholesterol, postmortem, of persons dymg suddenly from 
violence After companng these values with the degree of atherosclerosis, and 
ehmmatmg those comphcated by mfection or organic disease, they concluded 
that no relationship existed between the blood cholesterol level and the seventy 
of atherosclerosis 

Apparently, many if not most cases of atherosclerosis are unaccompamed by 
hypercholesteremia Although the influence of the blood hpids m the develop- 
ment of this disease has not been disclosed, there seems to be no doubt that the 
disease may develop without obvious abnormahty of the blood hpids 

In addition to the results of experimental atherosclerosis m rabbits to be dis- 
cussed later, chmcal evidence mdicates that hyperhpemia is a factor m athero- 
sclerosis The close association between high blood cholesterol levels and athero- 
sclerosis m diabetes has been discussed by Gibbs, Buckner and Bloor (22), 
White (76), Dragstedt, Clark, Juhan and Vermeulen (17), and Rabmowitsch 
(65) The high mcidence of atherosclerosis m systemic xanthomatosis, associ- 
ated with hypercholesterolemia, has been reported by Thannhauser (63), Mont- 
gomerj' and Osterberg (47), and Mflller (48) The atherosclerotic tendency 
among diabetics, accordmg to Duff (18), may be due not necessarily to hyper- 
cholesteremia, but to other profound metabohc disturbances m this disease 
This opmion receives support from the recent discovery of a pancreatic hormone, 
hpocaic, the absence of which causes the deposition of hpids m the hi^er (16, 17) 
Perhaps the deposition of hpids m atherosclerosis also may be the result of a 
hormonal deficiency, although experimental mvestigation of this possibility has 
yielded contradictory results Thus, Huber, Brown and Casey (30) reported 
that hpocaic prevented the nse m the blood cholesterol and tlie development of 
atherosclerosis which othermse occurred regularly m rabbits fed cholesterol 
Dragstedt and his co-workers (66), however, were unable to confirm this Data 
are also conflictmg with regard to the mfluence of the hpotropic factor, chohne, 
m experimental atherosclerosis Himsworth (25) and Baumann and Rusch (8) 
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observed no effect, but Sterner (62) found that chobne inhibited the formation 
of atherosclerotic lesions and hastened their removal The presence or absence 
of such hpotropic factors may explam whj the basic diet is important m the 
development of experimental cholesterol atherosclerosis 

Physical dtsiribvlton oj the lipids in the Wood Although particles of lipid 
from OA to 1 micron diameter m the blood plaAma, nccordmg to Bloor (10), 
arc hpid m transport, the factors concerned with this pbiwcal distribution of the 
lipids m the blood plasma have not been considered m atherosclerosis Much 
of the hpid absorbed from the mtestine reaches the blood m this form and is 
removed and stored ns fat When the hpid particles accumulate m the blood, 
hpomia results. Ludlum, Taft and Nugent (42) believed from their studies of 
the tiny particles of Hpid in the blood that the particles aro stabihrcd by a 
protem film because the first lone of aggregation of the particles occurred at a 
pH range of 4 7 to 5.3, apprmdmntely the iso-electnc pomts of nlbumm and 
globubn, and the droplets coalesced when the acidity was sufficient to precipi 
tate the protem and dcstroj the film The membrane about globules of fat in 
milk, according to Palmer and Wiese (62), is a murtuie of protem and phospho- 
lipid Churnmg of tho milk removed the membrane Hirsch and Wemhouse 

(29) mjcctcd emulsified cbolosteiyl olcate rntravenously mto rabbits to deter 
mine, if posrible, its localisation in tho tissues The particles of emulsified 
cbolesteryl olcate ranged m sue to considerably loss than tho diameter of cry 
throcytes Although largo amounts of tho olcate were injected, the free and 
ester cholesterol content of the serum within a few mmutes after an injection a as 
not changed appreciably The mjected cbolesteryl oleatc, apparently, ana 
removed rapidly from tho blood Histological emminntion demonstrated large 
amounts of particulate hpid material m the tissue phagocj'tes The fat depots 
of a rabbit mjected rcpeatcdlj with emulsified cholcsten 1 olcate stamed aith 
scarlet red were colored anth the djo and the tissue phagocj.'tes acre laden inth 
largo quantities of the stamed cholcaterjl olcate These experiments demon 
strated that particles of hpid material are removed from the blood by tissue 
phagocj’tes like other particulate substances Hirsch and Wemhouse (29) 
noted that abero tho fine emulsion of the cbolesteryl olcate had broken and 
larger masses of the hpid had lodged m the tissues, phagocytosis was supple- 
mented by groa-ths of foreign body granulation tissues The degree of dispcr 
slon of tho hpid material, nccordmglj seemed important in determmmg how 
the tissues utihied or disposed of the hpid matennl, a prmciple harmomous with 
tissue reactions toward particulate material of other chemical composition 

Site of the hpid deposits m the aorta Opmions differ as to ahether tho hpid 
deposits of the mtima are mtracellulnr, pnmanlj, and later extracellular aath 
nccrosia of the cells, or are extracellular at first, and then mtraccUular Kloti 

(30) bclicj cd that the hpid mntenal of the small fatty deposits m tho mtima of 
the aortas of the j oung at first is ohiefij m largo phagocj tes Imter, the hpid 
droplets apjjcarcd outside of the cells, especiallj along the mner elastio fibers 
Although Klots considered the fat droplets free in the tissues as hanng been 
dcriied from dismtegratcd phagoci-tes, Wells (72) postulated that the fat drojv 
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lets, at first, may be free m tbe m^ured tissues and secondarily are phagoc 5 dized 
by the cells Duguid (19), he stated, beheved the latter more probable Leary 
(40), thought the hpophages developed from the free mononuclear cells of the 
blood that migrated selectively mto the mtima Accordmg to Wells (74), and 
others, the hpid deposits m the mtima may be temporary and do not le^ to 
atherosclerosis McMeans and Klotz (43) observed a disappearance of lipid 
deposits m the aorta of rabbits wnth experimental atherosclerosis when the 
feedmg of cholesterol was discontmued after the aortic lesions had developed 
In animals and apparently m man (Wells) hpid deposits may cause local fibrous 
thickemngs of the mtima 

If we recognize that the hpids of the blood are transported m the form of 
small particles and that the normal mtima and the simple hpid deposits of 
atherosclerosis have a hpid content correspondmg m composition to the hpids 
of the blood, much of the reason for this controversy disappears Lipids may 
be considered to be m particulate dispersion m the blood and mterspaces of the 
mtima tissues Chemical analysis demonstrates this hpid matenal m the mtima 
although no hpid is found by morphologic exammation An mcrease m the 
particle size of the hpids brmgs them mto the range where phagoc 5 dosis occurs 
This may be considered to be the mitial stage of atherosclerosis 

Tissue reactions caused by lipids The chemical analyses which demon- 
strated a close agreement m composition of the hpids of the blood, the normal 
mtima, and the fatty plaques in atherosclerosis of the aorta mdicate that a non- 
specific mfiltration of the mtima by the plasma hpids occurs Each hpid has a 
specific effect when deposited m tissues The effects which the mdmdual hpids, 
free and ester cholesterol, phosphatides, galactosides, fats, and their hydrolj'sis 
products, notably the fatty acids, cause m tissues must receive consideration m 
evaluatmg the significance of the fatty deposits m the subsequent changes of the 
mtima Cholesterol and cholesteryl oleate (28) deposited in the tissues stimu- 
late a foreign body reaction, cerebrosides cause a pseudoxanthoma cell response, 
and lecithm, a polyblastic tissue reaction \Wth mixtures of the hpids, a differ- 
entiation on tbe basis of tissue reactions is impossible This loss of charactens- 
tic tissue reactions ivith hpid mixtures led Kimmelstiel and Laas (33) to believe 
that the chemical character of hpid alone was not responsible for the tissue reac- 
tions The fibroblastic tissue reaction with giant cells, they stated, Avas the 
response tow ard an insoluble substance This reaction did not occur w'hen cho- 
lesterol was mixed Avith lecithm and was highly dispersed The types of xan- 
thoma cell produced expenmentally by such a mixture, they stated, depended 
upon the colloidal dispersion of the hpid and not on its chemical character 

The effect of hpid mixtures on artenal tissues w'as mvestigated m dogs by 
Chnstianson (13) The techmcal difficulties encountered m these experiments 
w ere considerable, and the hpid mixtures mjected lodged usually m the media 
and not m the mtima The hpids, however, produced fibrous scars dependmg 
upon their composition Tliose composed of glycerides and fatty acids caused 
marked inflammatorx' reactions and finallj’^ a scar, those composed of glycendes 
mixed wuth calcium soaps caused a chronic inflammation w hich also resulted m 
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a scar Fibrous plaques formed m the intima over these lesions Hagertv (23) 
reported that oleic acid mtroduccd mto the tissues of rabbits and dogs caused a 
sev ere necrosis and a marked growth of scar tissues Accordmg to Hirsch (27) 
some of the factors mvolvcd m reactions of tissues about glycerides are the 
nckhty developed m the surrounding tissues bv their hiTlrolyBis, the phj’slcal 
state of the fatty acid, whether sohd or hqmd, the solubihty of the soaps formed 
and their chemical structure Many of the fatty acids in tissues are non specific 
imtants, stimulating mamly fibroblastic, monocytic, and epithehoid cells Soaps 
of these fattv acids, relativelj msolublo m the tissues stimulated foreign body 
granulation tissues 

There is also much evidence m the many reports on tho various forms of lipid 
pneumonias (63) and on the lesions of traumatic fat necrosis (20) that Upids 
cause marked inflammatory reactions and growths of fibrous scars m human 
tissues Some of these tissue reactions develop rapidly, others ei olve slowly 

Accordmg to the evidence presented, lipids deposited m tissues stimulate m 
flammatory reactions which eventually are reduced to fibrous plaques The 
different hpids m these deposits contribute variably to the sum total of tho tissue 
reactions and among them, the fattj acids seem to have the greatest irritative 
properties The factors concerned with the stabiliialion of the lipid particles 
in the tissues, also are important 

The relation op the lipids to calcification The absence of observed 
abnorroahties m the calcium content of the blood suggests that local tissue 
factors are responsible for the calcification m atherosclerosis of the i ossels The 
frequent occurrence of calcification mth atherosclerosis and with certam forms 
of fatty changes led to the opinion that calcium deposition m some wn> was 
coimeoted with the presence of lipids This hypothesis was emphasised by 
Klots (34, 36) who claimed to have observed the presence of calcium salte of 
fatty acids in degeneratmg tissues, and to have obscrv ed infiltration of calcium 
mto fats or fatty acids imbedded m tissues of the body These conclusions n ere 
based on rmcroscopic observations alone, and though often quoted, this theory 
has not been confirmed Aschoff (4) suggested that tho formation of calcium 
soaps prccedmg calcification occurs through splitting of cholesterol esters, 
n hereby tho fatty acids hberated combme with calcium ions to form calcium 
soaps and the fatty acid is replaced gradually by phosphate and carbonate ions 
It Aschoff’s theory were correct, the ratio of cholesterol esters to cholesterol 
should decrease with gradual evolution of the atheroaclerotio lesions In an 
mvcstigation of this SchBnheimer (01) obscrv'cd no change m the ratio and 
concluded therefore that Aschoff’s theory was mcorrect Subsequently how 
ever, Wcinhousc and Hirsch (71) and Meeker and Joblmg (45) observed a 
lowered cholesterol-ester to cholesterol ratio in calcified atherosclerotic lesions 

As Hirsch (20, 27) has pomted out, chemical combination between positive 
ions in an aqueous phase and negative ions in the lipid phase may account lor 
the occurrence of chemical reactions between tho two systems In support of 
this vnow arc the observations of Langmmr and Schaefer (38), who found that 
fatty acids m tlie form of monomoiccular films floatmg on solutions of calcium 
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and banum salts, were converted to the correspondmg soaps to varying extents, 
depending upon the pH of the aqueous medium Similar results were reported 
by Hartsuch (24), who foimd that magnesium ions were lost from a dilute aque- 
ous solution of magnesium phosphate when shaken with oleic acid The trans- 
fer of magnesium ions was appreciable at a pH of 7 There is, however, much 
other evidence refutmg Aschoff’s hypothesis, mainly obtamed by Wells (74) and 
discussed by him at length Bnefly summarized, the evidence agamat the idea 
that calcification takes place through mtermediate reaction ivith hpids is as 
follows 1, calcium soaps have never been isolated from calcified aortas or from 
any other calcified pathological process This fact has been demonstrated by 
Baldauf (6), Wells (73), and m impublished experiments by Weinhouse and 
Hirsch, 2, even if calcium soaps were present m the body, calcification may not 
occur, for Wells (75) has mtroduced calcium soaps mto hvmg tissues and when 
removed they had not been converted mto morgamc salts, and 3, the composi- 
tion of the calcified portion of atherosclerotic aortas closely resembles that of 
bone Accordmgly, the mechanism of calcification with atherosclerosis is simi- 
lar to that with bone formation The analyses, reviewed by Wells (74), agree 
that the calcium m the lesions of atherosclerosis is mamly m the form of calcium 
phosphate, and small, variable amounts of carbonate and magnesium salts 
The analogy to bone formation is emphasized by the development of bone tissues 
m old lesions The similanty of calcified mtimal lesions to true bone was de- 
monstrated by Mr Eaymond Pepmsky of the Physics Department of the Um- 
versity of Chicago, who at our request mvestigated the x-ray diffraction patterns 
of several calcified atheromatous lesions These patterns were identical with 
those given by mmerals of the apatite group and were identical with the diffrac- 
tion patterns of bone observed by Taylor and Sheard (64) Accordmg to these 
authors the morgamc portion of bone is composed of the apatite, 3 Caj(P 04 )j 
CaCO, 

Chermcal and physical evidence favor the opmion that calcification with 
atherosclerosis is a secondary process similar to the calcification m other tissues 
m the body where necrosis has occurred 

The composition op the blood and tissue lipids in experimental athero- 
sclerosis The lesions of the aorta and other tissues m the experimental form 
of atherosclerosis produced m animals by diets containmg added amounts of 
cholesterol have been described fully by Anitschkow (3), Duff (18) and Leary 
(39, 40) The sunilanty between the human and expenmental forms of athero- 
sclerosis has been emphasized regardless of certam obvious differences Athero- 
sclerosis develops m rabbits only after a significant hyperchol^teremia has been 
present Hypercholesteremia has not been observed usuall}’' m human athero- 
sclerosis The deposition of the hpids m the vaU of the aorta and arteries m 
the expenmental form of atherosclerosis is part of a systermc hpid infiltration of 
the tissues 

Blood A daily mtake of cholesterol of less than one per cent of the diet m 
rabbits produces a significant hypercholesteremia m a v eek or less, and m several 
months the blood cholesterol may reach high levels Values over 2500 mgm 
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per 100 cc of Berum have been observed frequently The firet observatlona of 
hypercholesteremia were recorded b> Wacker and Hueck (69), who reported a 
twenty fold mcreasc In both free and total cholesterol of the blood after several 
months of the cholesterol diet These observations were confirmed by Vers^ 
(07), who noted that the cholesterol levels of the blood moreased moro rapidly 
and with smaller dallj feedmga when the cholesterol was given dissoU ed In oil 
The moat extensive studies of the blood hpid changes m expenmental athero- 
sclerosis were reported by Page and Bernhard (49) and Weinhouse and Hirech 
(71) These studies established that m addition to the cholesterol, there is a 
marked mcreaso m the other lipids, notably the phosphoUpida and the glycendes 
A comparison of the results of both anabnes is m table 4 
At the height of hpemia there was an a% erage increase of tn enty e to thirty- 

fold m the free and total choIcstcroL Contrary to earlier reports there nas no 
significant mcrease m the proportion of cholesterol esters Despite the marked 
increase in total cholesterol the avemge ratio of free to total cholesterol, 0^28 


TABLE 4 

Blood Itptd latU at height of Itpcmia 


DrrxtnoATOtl 

rus CBO- 
txsntoL 

mxL 

mxu 

1J»U» 

CLTCXtlOCl 

TOTAl. 

imos 

Pago and Bamhard* 

366 

14S6 


520 

270 

2002 

WeinhoQto and Hlraobf 

462 

I&52 

1 2010 j 


718 

3660 


* Cholesterol adminUteredAB a toludoD in oil O^iramper da> Detenninationa made 
on heparinlxed plasma 

t Cholesterol administered vdlhout added fat 1 0 gram per day DotenninaUonB made 
on aenim 

t Dauber and Kate (I'f) recently reported eimilar results with experimental atberoselero 
sis in ehlekeni 

at the height of hpemm, \>as the some as m the normal rabbits Phoaphohpids 
mcrcased to seven times the normal value whereas glycendes moreased to fit e 
tunes normal The total hplds were on the n\ crage, eleven times the normal 
value The mcrease m the blood lipids began m a fen days, reached a maxiraum 
usually between fifty and one-hundred da^Ti on the cholesterol diet, and there 
after the ammmt decUned In ammals 8urvi\mg more than one hundred and 
fifty da>T! under the conditions of the expenment, the blood hpids approached 
normal vahica This decrease docs not mdicate dm elopment of a tolerance for 
cholesterol In these animals, because at this stage they loet weight rapidl> and 
exhibited all the signs of starvation as though tlio normal absorption of food 
across the mtestinal wall mis mterrupted The tissues of the stomach and 
bowel of these rabbits had marked mtraccllular infiltrations of lipids 

The effect of added fats to the diet m faclUtatmg the absorption of cholesterol 
and m mcreasing the lipcmm is illustrated also in table 4 At the height of 
hpemia, both studies exhibit about the same lipid lo\ els, although Page and Bern 
hard fed their rabbits only one fifth the quantity of cholesterol Tho\ admirus 
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tered it dissolved m od These analyses of the hpids of the blood in experimental 
atherosclerosis demonstrated clearly that not only is the cholesterol content 
mcreased to high levels, but also all of the other hpids In studies of the physi- 
cal state of the blood hpids m experimental hyperlip emia m rabbits, Remesow 
(56) suggested that the mcrease m the hpids other than cholesterol may be due 
to a destruction or bmdmg of the serum “hpases” by the excess cholesterol, 
thus causmg the accumulation of hpids This opmion is based on the inhibition 
of hpases by alcohols m general However, the effect of excess cholesterol m 
causmg mcreases m other blood hpids may not be due to any chemical effect of 
this sterol, but to its effect on the physical state of the blood hpids The m- 
crease m hydrophobic components of the blood hpids, such as cholesterol and 
its esters, presumably could decrease the stabihty of the hpid complex, leadmg 
to a decrease m the dispersion of the colloid Agglomeration mto larger particles 
would follow and a marked decrease m the surface area exposed to enzyme ac- 
tivity would result 

Tissues Wemhouse and Hirsch (72) found, m rabbits fed cholesterol, 
marked mcreases m the hpids of the viscera as well as of the aorta The greatest 
changes were m the aorta, hver, and suprarenal glands The lungs, kidneys, 
and spleen occasionally had hpid infiltration and correspondmgly high cholesterol 
or cholesterol ester values, but usually there were only minima l changes m hpid 
content The atherosclerotic aortas had a marked mcrease m free and total 
cholesterol as well as a significant though vanable mcrease m the phosphohpids 
and glycendes The total hpids were, m general, mcreased two or three times 
above the level of those m the normal aortas The hvers of all rabbits fed 
cholesterol contamed quantities of hpids substantially above the levels m control 
rabbits, the mcrease bemg greatest m the cholesterol ester fractions and least m 
the glycendes The cholesterol content of the suprarenal glands was markedly 
mcreased The free cholesterol was mcreased from two or three times above 
the content of normal tissues, and the cholesterol esters, which m the control 
analyses averaged 14 per cent, were doubled m the cholesterol-fed rabbits 
These analyses of the suprarenal gland agree with those of Kay and White- 
head (31) 

The significance of the hyperlvpemia in experimental atherosclerosis The rela- 
tionship between hypercholesterolemia and atherosclerosis m the rabbit seems to 
be defimte The lesions of experimental atherosclerosis m rabbits, which closely 
refeemble those of the human form, have not been produced m any other way 
Despite vanataons m diet and superimposed types of mechamcal and chemical 
mjurj^ an excess of cholesterol m the blood appears to be necessary m the for- 
mation of the hpid plaques of the aorta and artenes The evidence imphcatmg 
cholesterol as a primary agent m the development of atherosclerosis has been 
presented forcefully by Leary (39) Accordmg to his views, the differences 
between human and experimental atherosclerosis may be attributed to differ- 
ences m reaction of youthful and aged tissues to the presence of cholesterol and 
not to any fundamental difference m etiology 

In the experiments of Wemhouse and Hirsch (72), though hypercholesterolemia 
always preceded deposition of cholesterol, there was no close relationship between 
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the height or duration of the hypercholesteremia and the seventy of the athero 
sclerosis For example, of two rabbits fed the same daily amounts of choles- 
terol for the same penod of time, the senim cholesterol of one reached a maxi 
mum of 2200 mgm per cent, the other, 1600 mgm per cent The seventy of 
atheroeclerosis as detenmncd by gross examination, and the amount of hpids 
deposited, ivere about the same In two other rabbits with the same degree of 
hypercholesterolemia, one had severe, and the other had only a mdd atherosclero- 
sis These results logically suggest that tissue factors pjaj an important part 
m the development of experimental atherosclerosis 
Tissue FACrrons in atherobciehosib The results of these chemical analyses 
mdicate that tissue factors are important In the development of atherosclerosis 
m man and experimentally m rabbits Weinhouso and Hirsch (72) did not find 
a close correlation between the heigdit and duration of lipemia and the seventy 
of the experimental atherosclerosis These individual variations were found 
also m different viscera of the same rabbit, some visceral tissues bemg markedly 
infiltrated by hpids dnd others relatively unchanged 

The importance of tissue factors m the development of expenmcntal athero- 
Bclerosia is mdioated also by studies on the effects of lodmo and th>Told hor 
mono. According to Pago and Bernhard (49), and Turner and Bidwell (05) the 
addition of iodme or thiToid extract to the diet prov onts or inhibits the dev elop 
ment of athcrosclerosia in rabbits fed cholesterol, although these substances did 
not prevent or delay the hyporhpemia 

Smee the atherosclerotic lesions are not distnbuted diffuselj through the 
vessel wall but are sharply localized, certain places m the arteries are more 
susceptible to hpid infiltration than others The lesions tend to be more numer 
ous m tissues subject to unusual mcchamcal stram or at sites with \ anations m 
tissue structure as, for example, along the postenor wall of the descendmg aorta 
at the ostiums of arterial branches and at the bifurcation of the ihac branches 
This suggests that conditions mcreasmg the mechanical stress, such as hj-por- 
tension, contribute to the development of atherosclerosis A“ the cause and 
effect relationships are not clear, probably a large v anety of conditions are con 
cemed with this localization of the lesions If bjTxircbolcstcremui alone played 
an important r61o in human atherosclerosis there should bo a closer relationship 
between the disease and the blood hpids than has been demonstrated Although 
hyperlipemia may fav or the development of atherosclerosis factors in the tissues 
are concerned with the actual hpid deposition 
Mechantbsi of upin deposition The significance of the hpid dejiosits m 
the mtima with atherosclerosis is disputed Opinions differ ns to whether the 
hpids at first are intracellular and with destruction of the cdls become extra 
cellular or at first are extracellular and sccondlv become intracellular 
Chemical analyses bj Wemhouse and Hirsch (71), rev eahng a close agreement 
in the composition of the blood plasma lipids and that of the normal mtima 
tissue, suggest that the intercellular spaces of the intuna are filled with blood 
plasma Accordmgly, reactions which take place m the blood would be ex 
peoted to occur also in the mtima The blood hpids of the plasma exist as colloi 
dal complexes, ordmanly too small to bo seen microscopicallv In hvpcrlipomia. 
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however, the hpid complex agglomerates mto larger particles, which are visible 
under the microscope and which give to such serums an opalescence It is 
reasonable to conclude, therefore, that the phagocytic reactions observed m the 
mtima occur as a response to the presence of coarsely dispersed hpids m varying 
stages of agglomeration The primary cause of the precipitation of hpid m 
cholesterol-fed rabbits is probably the hyperhpemia, m human atherosclerosis 
it IS mainly a tissue factor mcreased under conditions of hyperhpemia Regard- 
less of the cause of the precipitation of hpids, however, all the subsequent chemi- 
cal processes and tissue reactions may be regarded as sequential to the imtial 
separation of hpid m grossly dispersed particulate form 

SUMMAKT 

Chemical, physical and morphologic changes occur m artenes with age 
These changes seem to be mdependent of atherosclerosis which is primarily a 
disease of the mtima The simple fatty deposits with atherosclerosis have the 
same hpid composition as the blood plasma and the normal mtima The iden- 
tical composition of these tissue hpids strongly supports the view that the hpid 
deposits m atherosclerosis result from a non-selective deposition of the plasma 
hpids Although cholesterolemia may favor the development of atherosclerosis, 
the lesions of this vascular disorder develop m adult life without an appreciable 
elevation of the blood cholesterol or obvious abnormahty of the blood hpids 
This suggests that factors m the tissues of the blood vessels leadmg to the deposi- 
tion of hpids m the mtima are important m the causation of the disease The 
tissue factors concerned with the localization of the hpid deposits in the mtima 
are not knoivn However, after the hpids are deposited and remam m the 
tissues m coarse particulate form, the subsequent stages of atherosclerosis 
follow The evolution of the lesions from the simple fatty deposits to calcified 
atheromatous ulcers occurs because of several processes, among which are 
phagoc3^sis, physical or chemical effects on the tissues by the hpids or their 
decomposition products, disturbances m nutrition of the tissues, admixtures of 
blood, and reactions of the tissues against the hpids deposited The calcifica- 
tion which occurs late m the evolution of the lesions probably is the same as that 
which develops m any necrotic or devitalized tissue of the body The evidence 
presented m this review favors the conclusion that atherosclerosis develops from 
disturbances m the metabolism of hpids infiltrated mto the tissues of the mtima 
The elucidation of the nature of the disturbances, however, depends upon further 
fundamental studies on the mteractions and mterconversions of the hpids m 
the blood and tissues 
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THE NATOEE OF THE FORCES BETWEEN ANTIGEN AND 
ANTIBODY AND OF THE PRECIPITATION REACTION 

LINUS PAULING DAN H CAMPBELL akb DAVID PRESSMAN 

Coniribviion no 9t5 from thtOataand Crtllin Labonloria of Chtmitirg Caitforma InilUutt 
of Teeknoiofp/, Patadtna 

In one of his lectures on unmunoohemistry at tbo University of California in 
the summer of 1904 Svante Arrhemus said (1) that Ehrhch and other mveati 
gators, because of incomplete knowledge of the phenomenon of chemical equi 
hbnum had been led to mvent artificial hypotheses in order to explidn theur 
observations m the field of immunology Smee that time, and especially during 
the last few years, workers m this field have made greater and greater use of the 
concepts and methods of physical chemistry, and m consequence many pre 
Adously puziling observations have been reasonably mterpreted. 

Another branch of chemistry which is of Importance to iramunologj is modem 
structural chemistry, which deals with the detailed structure of molecules apd 
with the nature of mteratomio and mtermolecular mteractions (2) Our present 
knowledge of this subject, m large part won during the past dozen jears, is now 
so firmly founded and so extensive that it can be confidently used as the basis 
for a more penetrating mterpretation of immunological observations than ivould 
bo provided b> the observations alone 

In this paper we present, after a brief histoncal introduction, a discussion of 
the nature of the specific forces between antigen and antibody and of the preoipi 
tation reaction from the pomt of view of modem chemistry Only the simpler 
aspects of the phenomena are discussed, huch complicating factors as the rflles 
of complement, hpids, etc , m the reactions are disregarded m our discussion 

The history of the preapitation reaction began m 1897, when Rudolf Kraus (3) 
reported the results of his work with anticholera and antityphoid sera. His 
observations were soon verified and extended by Nicollo Tchistovich, Bordet, 
Myers and other workers, who prepared precipitating antisera against a great 
number of antigens of varied nature. We shall not review this early work here 
nor the later studies of the methods of preparing antisera and carrying out the 
precipitation reaction, rince these topics and others deahng with special phases 
of the reaction hai o been very well coveted in carher rcvieivs (4, 6, 6) 

Two most important advances in the attack on the problem of the nature of 
immunological reactions were the discovery that the epeafio precipitate contains 
both antigen and antibody (7) and the discovery that antibodies which gi\ o 
antisera their characteristic properties, are proteins. The S'enfication of these 
facta was provided by the work of many mvestigators over a score of years 
This work, which is summarized in Marrack’s monograph (0, chap II), culmi 
nated in the preparation of purified antibody by Felton and Bailey (8), Heidel 
berger and collaborators (9), and others and the determination of its properties 
including nmino^icid composition and molecular weight, which show that it is 
very closely related to normal serum globuhn (0, chap H) 
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The work of Landstemer (10) and other investigators on artificial conjugated 
antigens provided a great body of quahtative information on the specificity of 
antibodies, which, together with the experimental results for natural antigens, 
led to the mdependent proposal by Breinl and Haurowitz (11), Alexander (12), 
and Mudd (13) m 1930-32 of the theory of structural complementarmess of 
antigen and specific antibody The framework theory of precipitation was 
then developed by Marrack (6) and Heidelberger (14) These and other theones 
are discussed m some detail m the followmg sections of this paper 

A new penod m the study of the precipitation reaction was mitiated bj’" the 
careful quantitative studies of Heidelberger and his collaborators (15) who deter- 
mmed the amounts of antibody and antigen m precipitates, and the similar work 
of Hnurowitz (16) and others Veiy recentlj^ m order to test certam aspects 
of his detailed theory of the structure of antibodies (17), Pauhng and his col- 
laborators have earned out many quantitative experiments on the precipitation 
of antisera by polyhaptemc simple substances (18, 19, 20), a phenomenon first 
observed by Landstemer and Van der Scheer (21) 

The nature op the specific forces between antigen molecules and 
ANTIBODY MOLECULES The detailed information which has been gathered m 
recent years regardmg the nature of the chemical bonds which hold atoms to- 
gether mto stable molecules has been summanzed m monographs (2, 22) In- 
stead of mteractmg strongly with one another, wnth mteraction energy of 20 
kilocalories per mole or more, to produce a chemical bond, two atoms may 
mteract more weakly The nature of these weak mteractions is now well under- 
stood, and a brief discussion of it is given m the followmg paragraphs The 
properties of antigen-antibody systems, especially the reversibihty of complex 
formation, are such as to mdicate that the antigen-antibody attraction is due 
to these weaker mteractions and not to the formation of ordmary chemical bonds 

The weak mteractions between two molecules may be classified as electromc 
van der Waals attraction. Coulomb attraction, attraction of electric dipoles or 
multipoles, hydrogen-bond formation, etc The forces mcrease rapidly m mag- 
mtude as the molecules approach one another more and more closely, and the 
attraction between the molecules reaches its maximum when the molecules are 
as close together as they can come The molecular property which determmes 
the distance of closest approach of two molecules is the electronic spatial exten- 
sion of the atoms m the molecules It is possible to assign to each atom a 
van der Waals radvas, which descnbes its effective size uith respect to mter- 
molecular mteractions These radu vary m value from 1 2 A for hydro^n 
through 1 4-1 6 A. for hght atoms (fluorme, oxygen, mtrogen, carbon) to 1 8- 
2 2 A for heavy atoms (chlorme, sulfur, bromme, iodine, etc ) The shape of a 
molecule can be predicted by locatmg the atoms withm the molecule with use 
of bond distances and bond angles and then circumscnbmg about each atom a 
sphencal surface correspondmg to its van der Waals radius This shape deter- 
mmes the ways in which the molecule can be packed together ivith other mole- 
cules (2, sec 24) 

The most general force of mtermolecular attraction, which operates between 
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e\ery pair of molecules, is cZccfrontc c«n der WaaU aWmdxcni This typo of 
eloclronio interaction between molecules was first recogni*ed by London (23) 
A molecule (of methane, for eramplo) which has no permanent average elec 
tnc dipole moment may have an instantaneous electnc dipole moment, as the 
center of charge of the electrons in their rapid motion in the molecule, swings 
to one side or the other of the center of charge of the nuclei This instantaneous 
dipole moment produces an instantaneous electnc field, by which an> other 
molecule m the neighborhood would be polonxed, the electrons of the second 
molecule would move relative to its nuclei in such a way as to give rise to a 
force of attraction toward the first molecule. 

This electronic van der Waala attraction operates between every atom m a 
molecule and every atom m other molecules m the near neighborhood The 
force increases very rapidly with decreasing mteratomic distance, being inversely 
proportional to the seventh power of the mteratoimo distance Hence the 
clectromo van der Waals attraction between two molecules m contact is due 
practically entirely to interactions of pairs of atoms (m the two molecules) which 
are themselves in contact, and the magmtude of the attraction is determined by 
the number of pairs of atoms which can bo brought mto contact In conse- 
quence, two molecules which can bring large portions of their surfaces mto close- 
fitting juxtaposition will in general show much stronger mutual attraction than 
two molecules with less extensive complomontanness of surface topography 
Other types of molecular interactions result from the possession of a porraa 
nent clcctnc charge, clectnc dipole moment, or electnc moment of higher order 
by one or both of the mtcractlng molecules The eflfects of these charges and 
moments have been classified m vanous ways, as ion ion forces, dipole-dipole 
forces, forces of electromc polarisation of one molecule in the dipole field of 
another, etc. All electrostatic interactions are very much smaller m water thAn 
in a medium of low dielectnc constant, and It can bo shown by calculation, mak 
ing use of known values of the effective dielectric constant of water for charges 
a guen distance apart (24), that In general these electnc forces arc of minor 
importance, except when an isolated or essentially isolated clcctnc charge is 
in\ olved. The electrostatic attraction of a positive group such as a substituted 
ammonium ion and a negative group such as a carboxyl ion becomes significantly 
strong, with bond energy 6 kilocalones per mole or more, if the structure of the 
molecules containing the groups is such that they can come into juxtaposition 
A type of mtermolecular attractive force which ranks in importance with the 
electronic van dor Waals attraction and the attraction of oppositely charged 
groups 18 that associated mth the structural feature called the hydrogen bond 
The importance and generality of occurrence of the hydrogen bond were first 
pointed out in 1920 bj Latimer and Rodebush (25) and summancs of the proper 
tics of the bond are given in the monographs quoted above A hydrogen bond 
results from the attraction of a hydrogen atom attached to one electronegative 
atom for an unshared electron pair of another electronegative atom The 
strength of a hydrogen bond depends on the electronegativitj of the two atoms 
^hich are bonded together by hydrogen, fluonne, oxygen, and nitrogen the 
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most electronegative of all atoms, are the atoms which form the strongest hydro- 
gen bonds The energy of a hydrogen bond between two of these atoms is of 
the order of magmtude of 5 kcal per mole This is so large as to have a very 
important effect on the mtermolecular mteractions of molecules capable of 
forming hydrogen bonds and on the properties of the substances consistmg of 
these molecules 

In synthesizmg our knowledge of mtermolecular forces and of immunological 
phenomena mto a defimte picture of the antigen-antibody bond the immuno- 
logical property of greatest significance is the specificity of the combmmg power 
of antibody for the immumzmg antigen 

The forces of van der Waals attraction, hydrogen-bond formation, and mter- 
action of electncaUy charged groups are m themselves not specific, each atom 
of a molecule attracts every other atom of another molecule by van der Waals 
attraction, each hydrogen atom attached to an electronegative atom attracts 
everj’- other electronegative atom with an unshared electron pair which comes 
near it, and each electncaUy charged group attracts every other oppositely 
charged group m its neighborhood The van der Waals repulsive forces which 
determme the van der Waals radu of atoms also are not specific, each atom m a 
molecule repels everj’’ other atom of another molecule, holdmg it at a distance 
correspondmg to the sum of the pertment van der Waals radu We see, how- 
ever, that specificity can arise m the mteraction of large molecules as a result 
of the shapes of the molecules Two large molecules may have such spatial 
configurations that the surface of one cannot be brought mto contact with the 
surface of the other except at a few isolated pomts In such a case the total 
electromc van der Waals attraction between the two molecules would be smaU, 
because only the pairs of atoms near these few isolated pomts of contact would 
contnbute appreciably to this mteraction, and, moreover, the distnbution of 
hydrogen-bond for min g groups and of piositively and negatively charged groups 
of two molecules might be such that only a smaU fraction of these groups could 
be brought mto effective mteraction with one another for any position and 
onentation of one molecule with respect to the other, the energy of attraction 
of these two molecules would then be small If, on the other hand, the 
two molecules possessed such mutually complementary configurations that the 
surface of one conformed closely to the surface of the other, if, moreover, the 
electncaUy charged groups of one molecule and those of the other were so 
located that oppositely charged groups were brought close together as the mol^ 
cules came mto conformation with one another, and if the hydrogen-bon 
formmg groups were also so placed as to form the maximum number of hydtogen 
bonds, the total energy of mteraction would be very great, and the two molecules 
would attract one another very strongly We see that this strong attraction 
might be highly specific m the case of large molecules which could bnng arge 
areas of their surfaces mto close contact A molecule would hence show strong 
attraction for another molecule which possessed complete complementanne^ 
m surface configuration and distribution of active electncaUy charged an 
hydrogen-bond formmg groups, somewhat weaker attraction for those molecu es 
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With approximate but not complete complementanncss to it, and only veiy weak 
attraction for all other molecules 

This specificity through complementanness of structure of the tiro inter 
acting molecules would be more or less complete, depending on the greater or 
smaller surface area of the two molecules involved m the interaction It maj 
be emphasued that this explanation of specificity as due to a complementanness 
in structure which permits non-specific intcrmolecular forces to come into fuller 
operation than would be possible for non-complementary structures is the onl} 
explanation which the present knowledge of molecular structure and inter 
molecular forces provides 

This theory of structural complementanness of antigen and antibody was 
first suggested m leas detailed form than above, by Breinl and Haurowiti (11), 
Alexander (12), and Mudd (13) A detailed discussion of the structure of 
antibodies and of a postulated method of their formation has been presented 
by Paulmg (17), who has also reviewed the evidence supporting the theory of 
complementanness 

It was suggested by Breml and Haurowiti and by Mudd that the elTect of an 
antigen in determining the structure of an antibodj might involve the ordonng 
of the ammo-aad residues in the polypeptide chains m a way different from that 
in the normal globulin Rothen and Landstemer (20) then pomted out that 
the poesibihty of different waje of folding the same poly]x:ptido chain is worth 
considering, and this postulate ivas amplified by Paulmg (17), who assumed 
that all antibody molecules contam the same polypeptide chains ns normal 
globulin, and differ from normal globulm only in the configuration of the chains. 
This assumption was made because it pernuts the formulation of a simple 
proposed mechanism of manufacture of specific antibodies An antibody mole 
culo capable of existing in anj one of a great number of configurations with 
nearly the same encrg> is synthcsiicd, except for the final folding step, in the 
same way as normal globuhn If no foreign substance is present, the chain 
then folds into a stable configuration, charactcnstic of normal globulin , but if 
an antigen molecule is present, the chain folds into a configuration stable in the 
presence of the antigen, that is into a configuration complementary to that 
of a portion of the surface of the antigen molecule Tins explanation of the 
abiht> of an animal to form antibodies with considerable specificity for an 
apparently unlunitcd number of different antigens (27), ns shown especially 
by the work of Landstemer (10), is compatible with the pnnciplos of stnictiiral 
chemistry and thermod\'namics ns well as wath the immunological cxidcncc 

To illustrate the way m which the complementanness theory accounts for 
many reported observations ivo shall mention only one point, taken from tlio 
great body of results on aroproteins obtained by Ijindstcmcr Ho obsen cd a 
pronounced cross reaction between an azoprotcin made from m nminobcnzoic 
acid and an antiserum to an aioprotcm made from t-chloro-S-aminobcniolc 
acid and a different protein but no reaction with the haptenic groups reversed 
Tlie explanation of this is that the antibody to the 3 aio-1-clilorobenioic and 
group conforms closely to this haptenic group, allowing cither this group or the 
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3-azobenzoic acid group, wluch differs in the replacement of the chlonne atom 
by a smaller atom, hydrogen, to fit into the complementary cavity m the anti- 
body, but the 3-azo-4-chlorobenzoic acid group cannot fit mto a cavity designed 
for the smaller haptemc group, and so the reverse cross reaction does not occur 
In a quantitative extension of Landstemer’s work on hapten inhibition of pre- 
cipitation reactions of simple polyhaptemc substances (10), Pauhng and col- 
laborators (28) have recently reported a great deal of evidence m support of the 
complementarmess theory They mterpreted their results on the inhibition of 
the precipitation reaction between dyes contaimng p-azophenylarsomc acid 
groups and antisera to hapten-homologous azoproteins to obtam numencal 
values of the strength of the bonds formed by these antibodies with over twenty- 
five different haptens The observed correlation between the bond strengths 
and the structure of the haptens is that which would be expected from the 


complementarmess theoiy 

This theory is not greatly different from some earher proposals, such as 
Ehrhch’s lock-and-key analogy (29), but it differs greatly from others For 
example, Buchner (30) considered that antigen molecules are spht up and 
mcorporated mto the antibody molecules, thus impartmg specificity to them 
This theory or a closely related theory has been supported by many people, 
includmg Burnet (31), who proposed a mechanism for the manufacture of anti- 
bodies m the image of the antigens the antigens act as templates for the manu- 
facture by the body of specific enzymes, which then serve as the molds for the 
production of antibodies s imil ar to the ongmal antigens Until recently there 
has been no suggestion as to why antibodies similar m structure to an antigen 
should combme specifically with it Recently, however, Jordan (32) has state 
that a strong attraction would occur between such identical or nearly ident^ 
molecules because of the quantum-mechamcal resonance phenomenon, this as 
been demed by Pauhng and Delbruck (33), who pomted out that the resonance 
energy would be so smaU as to be meffective Chemical evidence against the 
identity of antibodies and specific antigens has been presented by “^ny authors, 
of whom the most recent are Haurowitz, Vardar, and Schweim ( ) 

Forty years ago there was under way a keen controversy between c an 
Bordet, and their respective supporters, as to whether the bon e ween an i 
bodies and antigens are chemical bonds or are physical forces of the sort pro- 
ducing surfacp phenomena such as adsorption The modem pom o view 
resolves this argument, but not m favor of either side, m fact, as m re^n yea 
an understanding has been obtamed of the forces responsible for 
nomena it has been found that these forces are the same as t ose w 
operative m chemical reactions, so that the old distmction etween c e 


and physical forces has lost most of its meamng „„„„„„ 

The nattjke of the precipitate Under smtable condi ions (sa , , 

tration, antibody-antigen ratio, etc ) the first stage of combmation o an * ° 
and antigen, which may make itself evident m change m aci y or 
properties of the antigen, is followed by precipitation ere m een 
discussion as to whether or not this second stage is specific, e e > 
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or IB non-epcoific Direct experimental evidence on this pomt, while not con- 
chinve, favore the view that the reaction is Bpecifio. The most pertment 
observations are those on the ag^utination of mi xed cellular antigens bj mixed 
antisera, Topley and collaborators (3B) noted the formation of separate clumpe 
by the different cells, whereas Abramson (38) observed mixed clumpmg Hooker 
and Boyd (37) found that mixed human and chicken erythrocytes gave separate 
clumps under some conditions and mixed dumps under other conditions The 
fact that separate dumpmg is observed at all strongly favors the concept of a 
specific second stage, since mixed dumpmg might result from mechanical inter- 
twming of specific dumps, whereas separate clumpmg would hardly bo expected 
to result from non specific interaction Heidelberger has pomted out that m 
those cases where mixed dumpmg takes place the cells used were either very 
large or of greatly different sixes (38) 

A reasonable theory of agglutination and precipitation, the framework theory 
(lattice theory'), was proposed m 1934 by Marrack (6), and has received strong 
support from the theoretical considerations and experiments of Heiddberger 
(9, 14, 15) and Pauling (18, 19, 20, 28) and their collaborators 

It IB dear that, after wo have accepted a mechanism for the spcafic attachment 
of antibody molecules to a cellular antigen, the sunplcst possible explanation 
of the agglutmation of the cells is that it results from the same mechanism, if 
an antibody molecule had the power of speofic attachment to two cells, it could 
form specific bonds with the two cells and thus hold them together, and the 
repetition of this process would lead to the formation of larger and larger dumps 
Specific precipitation of antibodies and molecular antigens would result from 
the same mechanism if both antibody molecules and antigen molecules were 
multivalent (capable of foimmg two or more antigen-antibody bonds), larger 
and larger complexes A — B, A — B — ^A, A — ^B — ^A— B, etc., would form until the 
aggregates became macroscopic in sise The evidence supportmg the framework 
theory has been reviewed by Marrack (6), Heidolbeiger (14), and Paulmg (17), 
some of it, mduding that provided by recent work, is presented m the followmg 
section in connection with a discusdon of the valence of antibody molecules 

The first of the theories of non-specific precipitation is the theory of neutraliza- 
tion of electrical charges This theory wss supported by many early mvesti 
gators, who were attracted by the analogy with the well known phenomenon of 
the mutual predpitatlon of oppodtdy obargod colloids Teague and Fidd (39) 
investigated the charges of agglutinins and bacteria and conduded that the 
former are positively and the latter negatively charged, it is now known, how 
ever, as the result of the application of improved experimental methods, that 
under ordinary conditions (normal hydrogen ion and salt concentrations) anti 
bodj molecules and most antigens are negativdy charged, and the theory of 
neutralization has m consequence been abandoned 

(The failure of precipitation or agglutination to occur in antigen antibody 

'Wo hare adopted the name "framework theory Inatead of Mattice theory’ beeanaeof 
oor belief that tho framework of antibody antigen precipitates doc* not neoally have the 
regularity of itructuro which would bo indicated by uae of the latter expression 
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systems with low salt concentration is, mdeed, attnbuted to the electrostatic 
repulsion of the negatively-charged complexes in solution, which prevents the 
formation of large aggregates, agglutmation or precipitation may occur m the 
presence of salt, the cations of which neutralize the negative charges of the 
complexes ) 

Another theory of non-specific precipitation which was proposed soon after 
the discovery of the precipitation reaction is that the reaction results from the 
formation of a hydrophobic colloid, which precipitates in the presence of electro- 
lytes This theory has been revived recently by Eagle (40) and by Hooker and 
Boyd (37) Eagle’s suggestion that the polar groups of the antigen which are 
assumed to be responsible for its solubihty are masked by a layer of antibody 
molecules, which themselves turn their polar groups mward and present only 
non-polar groups tow^ard the solvent, has been discussed by Marrack (6), who 
has marshalled some arguments agamst it An important argument is that 
particles can be agglutmated by an amount of antibody very much smaller than 
the amount required to coat their surface, the most recently reported expen- 
ments of this sort (41) mdicate that azoerythrocytes can be agglutmated bj" 
less than 0 02 per cent as much antibody as would cover their surface with a 
layer 3 5 A thick 

Hooker and Boyd (37) have presented several arguments m support of the 
thesis that “ particles grow to visible size by the mdiscnminate and non- 
specific accretion of other related or unrelated, small or large, aggregates whose 
primary nuclei are molecules or particles of antigen coated with antibody- 
globuhn ” As additional evidence for this concept and against the framework 
theory Boyd and Hooker (42) reported their failure to inhibit the agglutmation 
of erythrocytes by use of an excess of hemagglutinm In our opmion the fact 
that inhibition of agglutmation of particles (43) as well as of precipitation of 
molecular antigens (44) by excess antibody has been observed gives strong sup- 
port to the framework theory The failure of inhibition to occur under ordinary 
circumstances may be due to the difficulty m saturatmg the multivalent anti- 
gens, especially cellular antigens with thousands of combinmg groups, as is 
mdicated by the theories of Hershey (45) and Pauhng (17) In particular, the 
experiments of Heidelberger and Khbat (43) on the agglutmation by untreated 
pneumococci of pneumococci coated wnth antibody and then thoroughly washed 
are most easily explamed by the framework theory Hooker and Boyd (46, 47) 
have recently proposed the theory that precipitation of antibody by polyhaptenic 
dyes may result from the action of the dye molecules m pulhng the antibody 
molecules to which they are bonded so tightly together as to prevent the solvent 
from reachmg the polar groups This theory seems to be mcompatible ivith our 
observation (18) that in general the dyes of smaller molecular size, which accord- 
mg to Boyd’s theory should pull the molecules more closely together, m fact 
precipitate less completely than those of larger molecular size 

Composition of antibodt-antigen precipitates and valence of antibodi 
An essential requirement for agglutmation or precipitation accordmg to the 
framework theory is that both antigen and antibody be multivalent The 
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eipenmental obsenations Dluch indicate multivalcnco of antigens and of 
agglutinins and precipitvns have been summanicd by Marrack (0), Hcidelberger 
(14), and Paubng (17) 

The most straightforward evidence for the necessary multivalence of antigen 
is given by CApomncnts on the reactions of antibodies with simple substances 
of known structure. Subsequent to Landateiner’s discovery (10) that ample 
haptens inhibit the precipitation and agglutmation reactions by forming soluble 
complexes with antibodj it was found by Landstemer and Van der Schecr (21) 
that ample substances contarmng two or more haptenic groups form precipitates 
with hapten homologous antibodies tVe have shown that of the twentj seven 
ample substances contamlng phenylarsonic acid groups which were tested with 
antisera made by mjectmg rabbits with aioprotem made from p-otsaniho acid 
each of those (twentj m number) which contamed two or more of the haptenio 
groups gave the precipitation reaction, whereas none of the monohaptcnio 
substances formed precipitates These facts support the framework thcorj 
strongly 

(The failure to obtain precipitates with some polyhaptcnio substances reported 
by Hooker and Boyd (40) and Boj d (47) may have been due to their faduro to 
work under conditions faxoroble to precipitation We have obtained prccipi 
tates with some of the same substances and have obsened that substances 
which give precipitates with strong antisera may fad to do so with w eak antisera ) 

Experiments which ha\ e been reported on the number of haptenio groups per 
asoproteln molecule ncccssarj for prcapitation with hapten homologous anti 
body (48, 49) and some of our unpublished results mdicato that a few groups are 
needed, but so far thej have not been precise enough to distinguish between 1 
and 2 as the minimum 

Direct proof of the bi\ alcnco of diphtheria antitoxm is given by the studies 
of the antitoxm m presence of an excess of toxin with use of the ultracentnfuge 
which showed that the complexes ToxAntitox and ToxjAntitox exist in the 
solution (60) 

The fact that shdes can bo coated with alternate ummolccular laj era of anti 
gen and antibody m specific combination (61 62) mdicatcs ctfcctive bivalencc 
of antibody molecules as well os antigen molecules 

It has long been known that in antigen antibody precipitates molecules of 
antibody are present in larger numbers than those of antigen, tho antibody 
antigen molecular ratio bemg considerably greater than unity for nearly all 
ajirtems (G, p 1G1,53) This was shown convmcmgly by tho accurate quantita 
tivo in\ cstigations of Hcidelberger and his collaborators (64) A simple explana 
tion of this fact which docs not follow directly from tho framework thcorv in its 
onginal form (C, 14), is given bj the theory ns modified by Paubng (17), who 
made tho assumption that antibodicsm general arc at tho most bivalent (Thts 
assumption was made because his proposed structural theoiy of the process of 
formation of antibodies is such ns to make unlikclj the occurrence of anti 
bodies of higher valence ) The maximum valence V of antigens toward homolo- 
gous antibodies is assumed to bo determined by tlic sizes and shapes of the 
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antigen and antibody molecules, bemg equal to the number of antibody mole- 
<!ules which, when bonded to the antigen molecule, can be packed around it 
If the antigen and antibody molecules were spheres of the same size, this number 
would he JV = 12, for smaller antigen molecules it would be smaller, and for 
larger ones it would be larger 

The predicted antibody-antigen molecular ratio for small antigen molecules 
would be N f1 at the equivalence zone, with the maximum valences of both 
antibody and antigen effective, the hmitmg values of the ratio for antigen excess 
would be 1, and for antibody excess — 1 For very large antigens the ex- 
pected ratio at the equivalence zone would be less than N'/2 These predictions 
are m reasonably good agreement with Heidelberger’s observations (54, 17), 
which correspond to the foUowmg values of JV ovalbumm and R-salt-azobi- 
phenylazoovalbumm (molecular weight 40,000-46,000), N = 6, serum albumin 
(m w 67,000), N’ = 6 to 8, thjToglobuhn (m w 700,000), = 30 to 40 Data 

of other investigators (55, 56, 57, 58, 59, 60, 61) correspond to similar values of 
N, with assumed bivalence of antigen 

If the valence of the antigen were known, measurement of the antibody- 
antigen molecular ratio could be mterpreted to give the valence of antibody 
molecules The only rehable experiments of this sort which have been reported 
so far are those of Paulmg, Pressman, and Ikeda (20) with simple antigens of 
known structure They found that the dihaptenic antigens 2-methyl-4,6- 
di(p-azophenylarsomc acid)phenoI and 2-methyl-4,6-di(p-azobenzene(p-azo- 
phenylarsomc acid))phenol gave with antisera homologous to the p-azophenyl- 
arsomc acid group precipitates with the same molecular ratio throughout the 
range of relative concentrations from antibody excess to antigen excess This 
IS what would be ex^pected if both antibody and dihaptemc antigen were bivalent, 
the predicted molecular ratio under all conditions then bemg 1, correspondmg 
to the structure — A— B— A— B— A— B— A— B— for the precipitate The ob- 
served molecular ratio (average of 119 analyses) was 0 75 The same mdepend- 
ence of molecular ratio on relative concentration was found also for the four 
tnhaptenic and tetrahaptenic substances studied, this was mterpreted as result- 
ing from the effective bivalence of these molecules also, as the result of their small 
size m comparison with the antibody molecules The average molecular ratios 
found for the tnhaptemc and tetrahaptemc substances, 0 85 and 0 83, respec- 
tively, are only shghtly less than imity These results, with assumed effective 
bivalence of the antigens, mdicate for antibody molecules the effective valence 2 3 

Substantiatmg evidence for the multivalence of precipitatmg antibodies is 
provided by the observations which have been mterpreted as resultmg from 
the presence m antisera of antibodies with a valence of one Heidelberger 
and Kendall (62) demonstrated the presence m rabbit antisera of umvalent 
antibodies, which are able to combme specificall}'’ with antigen but are not 
able, in the absence of multivalent antibodies, to form precipitates These 
univalent antibodies also occur m considerable amount in horse antisera, they 
seem to be produced m large amount by the first mjections of ovalbumm ipto 
horses, precipitatmg (multivalent) antibody bemg formed only on repeated 
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injection (03, 04) It ia probable that univalent antibody confers on horse 
antitorons the peculiar properties which they show, in particular the pronounced 
preione (region of antitoxin excess in which precipitation does not occur) The 
change in properties of antisera on heat treatment (05, 60, 67) or treatment 
with formaldehj de (9) or other denaturing agent is probabl} duo to the con 
version of bivalent antibody to univalent antibody by destruction of one of the 
combining regions 

QoANnTATrvE THEORIES OE THE PRECIPITATION REACTION Although the 
quantitative phj aco-cheraical treatment of immunological phenomena was 
begun early m the present century, bj Arrhemus and Madsen (1, 68), it is only 
during the last decade that significant progress has been made The reason 
for the delay is not far to seek — it lies in the fact that the mathematical treat- 
ment of numerical data of low accuracy has httle signtficance so long as a sound 
qualitative understandmg of the phenomenon has not been developed. We 
max mention m iHuatration Arrhemus’ discussion (1, p 147) of the formula 
C = K which he found to express the relation between the amount C of 
agglutmm bound by bacterial cells and the amount B of free agglutinm, Arrhe- 
nius interpreted this equation (whose vahdity for the complex system we would 
ascribe to the accidental distnbution of the heterogeneous antiserum) ns show 
mg that the agglutinm molecules are divided between two solvents, one withm 
and one without the bacterial cells, and that three molecules of the bound 
ngglutmln are formed from two of the free substance 

Recent thcones are of two kinds those based on thermodjuinmio equiUbnura 
among the reactmg substances, and those based on the rates of reactions under 
non-oqmlibnum conditions There has been considerable discussion ns to 
whether or not immunological reactions are roversiblo — whether, for example, 
an antigen antibody precipitate is soluble, and is m equilibrium with free antigen 
and antibod} m solution We know from general prmciples however, that, 
given tune enough, every sjatem reaches eqmlibnum, and ever} material is 
more or less soluble, the questions of interest deal rather with such quantitative 
pomts as the length of tune required for the system to reach equihbnum, and 
the magmtude of the solute concentrations m equilibrium with the precipitate 

That the precipitation reaction m some cases reaches equilibrium in the hours 
or days usual!} allowed it is shown b} various experiments on solution of the 
precipitate by salt (69), aad (70) alkah (71), and excess antigen, even after 
ageing for sei eral months (72), includmg e-xponments m which there was vnria 
tion in the method of approaching equihbnum (19) 

Experiments on the Dnn}^! phenomenon (73) and other related experiments 
indicate that a long time — many days — is needed for equflibrium to be ap- 
proached for reactions im olving change in composition of antigen antibody 
precipitates 

The first quantitative theory which we shall discuss, that of Hcidelbergcr 
and Kendall (14), was based on consideration of the rate of antigen antibody 
combmation under non-equilibnum conditions The authors assumed that 
antigen A and antibody B first react completely and rapidly to form the com 
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plex AB, which uses up all the A (B being assumed present m excess) There 
then occur two competing slow reactions 

B AB — 1 AB 2 

AB “b AB — > AjBj 

The rates of formation of ABa (total number of umts a) and A 2 B 2 (total number 
of units 0) are 

^ = A[B][AB] 

at 

and 

^ = a:'[ab]* 

at 

m accordance mth the laws of chemical kmetics It is assumed arbitrarily 
that K = K' and that the reactions are not reversible, by mtegration ovei the 
course of the reaction until the solution is exhausted of AB there is obtamed to 
represent the composition of the precipitate, which consists of all the ABa and 
AaBa formed, the equation 

" = 2S - I? (« 

a Oo 


m which 

y = milhgrams of antibody precipitated 
c = miUigrams of antigen added 
60 = total milhgrams of antibody 

R = antibody/antigen weight ratio at equivalence pomt 
This equation for the composition of the precipitate, which corresponck to 
change from 2R at large antibody excess to 12 at the equivalence pomt, 1^ been 
shown (15) to be m satisfactory^ agreement with the excellent experimental data 
obtamed by the authors In view of the arbitrary and unl^ely 
ongmaUy used for its denvation, it is gratifymg that KendaU himself (74) has 
recently derived the equation m another way, and that ve have found (unpub- 
lished work) that the equation is obtamed as an approximation from general con- 
siderations of chermcal equihbnum when the assumption is ma eta eva, 
may \ ary between the hmits 2R and R and an expansion is made in powers 0 a 
KendaU’s denvation is essentiaUy the followmg (He considers also some 

more general cases ) ,21 

Let antibody and antigen both be bivalent For Bo an 0 mo e 
antibody and antigen, respectively, there are 2 Bo and 2. 0 com mii^ gr 
'Assume, for antibody excess, that all of the 2Ao antigen ^ups are on 
antibody groups, and that they are distnbuted at ran om among e 0 
antibody groups, without regard to whether or not the anti 0 y mo ec e 
already bonded at the other end Smce the chance that an an 1 y group 
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bound is lAt/Wa, the chance that it is free is 1 — At/B^, and the fraction of 
antibody molecuies free at both ends is (1 — A^/Ba)' The fraction not free at 
bothendsisl — (1 — ^e/Bo)’ “ iAt/Ba — (Xo/B«)’, and the numbernot free at both 
ends IS this multipbed by the total number, Bo. If it bo assumed that all anti 
bodj molecules not free at both ends are carried doira m the precipitate with 
the antigen molecules the molecular ratio for the precipitate becomes 

- 2 - Aa/Ba (2) 

iipp 

and, mtroducmg the ratio R of molecular wei^ts, the weigjit ratio is found to be 
^-2R- It" I (3) 

O Do 

This IS identical with equation 1 

Similar considerations have also been used by Ghosh (75) for the denvation 
of related equations 

An invoUcd theorj of antigen antibody equilibria based m part on probabihty 
considerations has been extensively developed by Hetshey (45) The theory, 
in common mth others based on multiialcnt antigen and antibody, is m quaUta 
ti\e and rough quantitative accord with experiment 
The only theorj of the precipitation reaction which, following the program 
begun by Arrhenius, has b^ developed by strait^itforward appbcation of the 
principles of chcrmcal equiUbnum is that of Pauling, Pressman, Campbell and 
Ikeda (19) This theorj appUes only to relatively simple systems, namely, 
those composed of bivalent antigen and bivalent antibodj , umvalent hapten, 
certam soluble complexes, and precipitate with mvanant composition AB 
In order to show the nature of the treatment we present here the derivation 
of the equation for the amount of precipitate formed m absence of hapten 
gcneraUied over the earlier treatment bj consideration also of the complex ABi 
Let the molecular species A B AB, AjB, and AB> m solution bo in equilibrium 
with each other and with solid ABpp We represent the concentrations of the 
fix e solutes by the sjunbols 

[A] — a 

[BJ - 5 
[AB] - 8 
[AtB] - a 
[AB,] - b 

The quantities a, fi, a, and 6 are x anable whereas s is constant for a given sys- 
tem inth precipitate present, it is the solubibtj of the precipitate The eqm 
libnum expressions tor the three reactions 

A-fB - AB 
A -f AB = AiB 
B -f i\B - AB, 
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are respectively 


a 

^8 


= 4i? 


(4) 


a 

as 


= K 


pa 


^K" 


( 6 ) 

( 6 ) 


For simphcity we have assumed that each of the bonds m the complex A— B — 
has the same strength as the bond m AB, this is probably a good approximation, 
m view of the fact that the two bondmg regions are probably far apart on the 
large antibody molecules (The theory can be earned through without this 
assumption.) The constant K corresponds to equihbnum for one antibody 
valence and one antigen valence, and the factor 4 is an entropy factor or S 3 un- 
metry factor We use K” rather than K for the second bond m ABj because 
stenc repulsion between the two antibody molecules attached to the same 
small antigen would be expected to decrease the stabihty of this complex 
The expressions for the total amounts of antigen and antibody m the system 
(per umt volume of solution) are 

ABpp -|- 8 -4- a d" 2o d* 5 *= Atoui (7) 


and 


ABpp d"8d"/3d"Od“2& — Bioui 
Subtractmg equation 8 from 7 we obtain 

a~~P~\~0''~b~ •^lolal ” Ftotel 


Ehmmatmg |3, a, and b with the use of equations 4, 6, and 6 we obtain 




— ^toUl B 


total 


( 8 ) 


This quadratic equation in a gives on solution 


“ o7i — r " g~ \ {(-^totai — Btotai d- [8(1 d- K''8)(1 d- K8)/K 

i4(.l + Ka) 

d" (A total — B total) (9) 

(The positive rather than the negative sign before the radical is seen to be cor- 
rect by the consideration of limi ting cases ) From equation 7 we find on ehmi- 
natmg a and b the expression 

K"i 

ABpp = Atotu - 8 — (1 d- B.8)a - 


( 10 ) 
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Equations 9 and 10 give the solution to our problem, from 0 the value of a is 
to be found in terms of Atoui and .Btaui and the parameters of the system s, iC, 
and K" and this on substitution in 10 gives the amount of precipitate. 

It IS shown In the onginal paper how this equation (with K'^ = 0) accounts 
for many observed properties of antigen ontibodv systems 
Future progress which maj be anticipated imoUes the extension of this 
Straightforward thcrmodjTiamic treatment to include the case of variable com 
position and randomness of structure of the solid phase This ivifl require the 
development of satisfactory approximate expressions for the free energj of such 
a sohd phase, by application of the methods of statistical mechames on the basis 
of sound structural concepts This problem is not an easy one, but fortunately 
promising methods for attacking it have been developed m recent j cars bj able 
theoretical physicists mtcrested in the problem of the stabililj of allovs with 
greater or smaller degree of randomness of atomic arrangement, and we may be 
confident that great progress will soon be made in the formulation of a satis- 
factory quantitative theorj of the precipitation reaction 

B1JMMAR\ 

The forces responsible for combination and attraction of antigen and antibody 
molecules may be classified as elcctronio van der Waals attraction, Coulomb 
attraction, attraction of electric dipoles or multipoles, formation of hydrogen 
bonds etc The spccificitj of mteractlon of antigen and antibody molecules 
arises from their structural complementanneas, which permits close contact 
of the molecules over suflScient area for these weak forces to co-operatc m forming 
a strong antigen antibody bond 

The weight of evidence indicates that further combraation of the inltml 
antigen antibody complexes to form a precipitate is a specific rather than a 
nonspecific reaction and is due to a continuation of the pnmarj combination 
step to form a framework structure of alternate antigen and antibody molecules 
Furthermore it appears that both precipitating antigen and precipitating 
antibody must be multivalent at least bivalent 
The more recent quantitative thcones of the precipitation reaction arc 
discussed 
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PHYSIOLOGICAL STUDY OF THE VERTICAL STANCE OF MAN 

F A HELLEBRANDT ajoj ELIZABETH BROGDON FRANSEEN 

Deparlmenis of Physiology and Physical Medicine, University of Wisconsin and the 
Department of Physiology, Mount HolyoJ e College 

Many years ago Sherrington (1920) remarked that posture is a theme worth 
studymg, offenng much opportumty for observation by those who are willin g 
to undertake it The hterature in the field is rich and vaned, spannmg several 
branches of the basic sciences, medicme and surgery The evolution of the 
biped stance has received extensive anthropologic study The mechanics of 
standmg, measurement of postural deformities, their prevention and treat- 
ment, have been subjects of comment and mvestigation for centunes The 
neurological mechanisms which control the vertical stance of man and the 
physiology of the cardiovascular-respiratoiy responses to the hydrostatic- 
effect of gra\uty have been exhaustively studied Much of value to a fundamen- 
tal imderstandmg of posture may be deduced from a study of case histones 
which record behavior when controllmg mechanisms are pathologically dis- 
rupted, or when deformity is sufficient to impair function It would require a 
monograph of large proportions to encompass the information available m the 
hterature Smce the subject of posture has jmt to be surveyed m this way, the 
physiological unphcations of representative papers from the major fields of 
speciahzed mterest form the basis of this review 

The classical contnbutions of Sherrmgton (1916), Magnus (1924a), de Kleijn 
(1924a) and of Rademaker (1931) on the postural reflexes are uell known 
Schafer (1900) and Luciani (1915) have reviewed the early work on animal me- 
chamcs More recent contnbutions to specialized aspects of biodjmamics have 
been made by Stemdler (1935), Morton (1935), Easier (1931), Bemstem (1935), 
and Phelps and Kiphuth (1932) The relationships of body mechamcs to 
health have been discussed by Goldthwait and his school (1934) A recent sym- 
posium on posture was edited by Zirbes (1938) and Hoppe (1928) has contnbuted 
a general review 

Accordmg to Keith (1923), anatomists do not regard the postural adaptations 
of the human body as the resultant of a transformation peculiar to man, but 
rather as the culmination of a senes of evolutionary phases which may be traced 
m the bodies of orthograde primates After fifty years of mterest m this sub- 
ject he has abandoned his ongmal view that the gibbon is representative of the 
pioneers of the orthograde stock and that man and the great anthropoids had 
passed through a hylobatian phase of evolution (1940) He now thinks that 
while gibbons m their early stages of evolution were developmg along brachiatmg 
Imes, two other modes of orthograde posture were bemg evolved m the same 
stock In one both arms and legs were bemg used almost equall}’’ In the other 
the lov er limbs were bemg developed as the chief organs of support and loco- 
motion 

The 'penalties of ‘poor posture The change from the quadruped to the biped 
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posture has imposed difficulties which are interpreted by some ns signs of ex 
treme inadequacy of adaptation (Benson 1938, Hooton, 1936, 1939) Othere 
while recognizmg that the human bod> la not yet completely adjusted to the 
erect stance, consider the compensatory powers of Nature admirable and good 
(Hinchey, 1926, Mam, 1937b, Jordan 1941) It has been widely assumed that 
anatomical defects in skeletal alignment encroach on body cavities secondarily 
affcctmg function (Dickinson aqd Tnialow, 1912, Cynax, 1938, Baker, 1942), 
and that good posture is a way to health (Canter, 1932, Forrester Bromi, 1936) 
At the begi nnin g of the century Keith (1903) postulated that when the abdominal 
wall IS lax and the diaphragmatic supports give way, respiratory balance may 
be upset If the inspiratory muscles gam ascendance there is danger of visceral 
displacement and subsequently, disorganisation of function The major m 
fluence on thinking m this field has been exerted by Goldthwoit (1932, 1933) 
who has long believed that the well poised mdmdual is the most efficient because 
his muscles are well balanced, and because adequate space exists for the best 
possible functiomng of the thoracic, abdominal and pelvic viscera. 

Many clinical papers m the current hterature on posture mdicate that stance 
defects may result ultimatelv in a variety of malfunctions including lessened 
respiratory efficiency , prolapse of the abdominal vnscera, impairment of digestion, 
pressure and derangement of the pcUnc organs, dysmenorrhea, hemorrhoids, 
varicose veins constipation, cyclic vomiting foot strain, backache, neuntis and 
nrthntis. Bamng orthopedic disabilities few of the etiologic associations are 
based on demonstrable fact Rather they are accepted as the o pnon re- 
sultants of a saggmg chest, low diaphragm, changed position of the heart and 
general visceroptosis 

Almost from their first enunciation these noa firmly entrenched concepts 
hai e been questioned (Osgood 191G) Many observations throw doubt on their 
%alidiU It has been pomted out that the vanabihly of vnsccral position is 
much greater than Implied by textbook dcscnplions of the normal (Sever, 1913, 
Baetjcr, 1910, Barclay, 1932) On the basis of orthodiagraphic examinations on 
900 subjects Mills (1917) considers body habitus a deterrammg factor of major 
importance to visceral form and position On the other hand, Coffey (1012) 
thinks that the dei'elopment of general visccroptosw is probably impossible m 
the majonty of men regardless of habitus In about 20 per cent the ascciHling 
and descending colon have not completely fused with the panctal peritoneum 
Coffey suggests that m this defects c fifth of the human race arc those m ‘whom 
floating kidney mobilo cecum and general nsceroptoeis arc to be found The 
position of an organ may teach nothing regordmg function (Bcttcmann, 1910) 
and chronic visceroptosis may exist m tho healthy (Abbott, 1934a) Wakefield 
and Ma\ o (1937) look upon the digestive function as so fundamental on endow 
ment that it is boy ond reason to suspect that the upnght position assumed b\ the 
human species can m any way hinder hamper or decrease its efficiency Jones 
(1933) represents the \ icw between the cited extremes He suggests that the 
relationship between poor posture and visceral function is “fairly dcfiaito 
and that by prm cnlmg bad posture one accomplishes “a little toward tho pro- 
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vention of disease Schwartz, Bntten and Thompson (1931) assessed the stance 
of 2,200 normal men and boys They came to the conclusion from the unex- 
pected vanabdity of the posture found in this essentially normal and vigorous 
group, that the importance of posture to health had been exaggerated 

A few direct experimental attempts to relate posture and function have been 
made Wheatly and Moore (1927) earned out roentgenographic observations 
of visceral position and diaphragmatic excursion on a group of young adult 
women, gave special corrective exercises to those below standard in postural 
ahgnment, and note what was interpreted to be an improvement m the factors 
studied Mem and Thomas (1931) also reported that specific posture trammg 
resulted m demonstrable improvement of their expenmental over a control 
group, the advantage bemg six to one Schwartz, Britten and Thompson (1928) 
had found no appreciable change in posture, for better or worse, when non- 
specific exercise was used on a test group of children Feelmg the lack of basic 
information, Abbott (1934b) apphed the Goldthwait postural treatment to 
patients with asthemc habitus and symptomatic visceroptosis He found his 
data difficult to interpret because of uncertamty in the evaluation of postural 
changes supposedly ivrought by the exercises What is needed m studies of this 
type IS a valid and rehable cnterion of good stance, adequate objective measures 
of anatomic displacement of viscera, and acceptable assays of the functional 
status of the organ systems theoretically susceptible to influence by gravitational 
stresses In few case history studies have there been adequate control observa- 
tions and therapy has been hmited only rarel}^ to correction of posture as the 
single variable under expenmental mvestigation 

Flagstand and Kollman (1928) used vital capacity as an index of respiratory 
damage m "testing the hypothesis that functional impairment of the thoracic 
viscera follows lateral distortion of the spme In mild and moderate abnor- 
mahties the vital capacity was wuthin normal limits In severe ahgnment dis- 
abihties it was reduced to within 53 and 65 per cent of normal When the 
curvature was confined to the low^er thoracic and lumbar regions of the spme, 
vital capacity was not affected even though structural abnormahties were severe 
Schreiber (1934) made an experimental study on apes to observe the effects of 
various body positions on the shape of the abdominal cavity He found a char- 
acteristic position of the viscera for each posture studied Thus topographical 
pictures may reflect abnormahty m posture rather than morphologic anomaly 
In 1934 Appleton produced unusual experimental postures in young and adult 
rabbits Significant deformations occurred only m the young in which growdh 
was still active 

Laplace and Nicholson (1936) mitiated an extensive mvestigation to deter- 
mme to what extent the behef that postural defects handicap physiologic 
function IS justified by chmeal and experimental evidence They obtained ortho- 
diagrams of the chest and electrocardiograms, measured vital capacity, respira- 
tory rate, tidal air, pulmonary ventilation, oxygen consumption, blood pressure, 
heart rate, and circulatory efficiency before and after acute variations m posture 
They also made a study of persons who had been takmg corrective exercises for 
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a jear Laplace and Nicholson found that the diaphragm was not alna>"8 rel 
ativel> ele\atcd nor the heart more transversely placed by postural improve- 
ment The mfluence of posture on the excursions of the diaphragm T\as %ari 
able ^^tal capacity generally mcreased There wws no sinking difference in 
oxygen consumption but pulmonary xentHation \vas greatly augmented The 
statistical significance of observed differences was not estimated The> con 
eluded on the basis of equnocal evidence that correct posture appears to hav'e 
appreciable advantages to the circulation and respiration of most individuals, 
but that m some an apparent defect m posture may be a compensatorv me- 
chanism which It IS inadvisable to disturb Subsequently Nicholson and Lap- 
lace (1938) disregard a portion of their experimental data in favor of the a pnon 
vle^v that when a good posture is maintained without conscious effort its meta 
bolic cost 18 less than that demanded by faulty ahgnment 
As a whole it has been difficult to displace the idea that attitudinal anomalies 
must of necessity be associated with functional disturbances It is madequatelj 
appreciated that organ systems carry on their work within verj wide margins of 
safety, and that many compcnsatoiy mechanisms serve automatically to protect 
Mtol processes It is difficult to beUeie on the basis of evidence ns tenuous as 
that presented, that the human machine can be so fragOe m its construction as 
to be sigmficantlj disrupted functionally by minor skeletal malalignments 
Indeed, Hugh (1928) recognised as did Laplace and Nicholson that though 
postural changes affect appearance, thej may be as wall signs of compensation 
aimed at the preservation of essential functions MOhnng (1930) points out 
the paradoxical fact that a bad posture looks better than a good one if the so- 
called bad posture is balanced while the good one is not As earl> as 1920 Loe 
and Brown had introduced the term ‘compensated defecta.” They looked upon 
poor poeture without symptoms in much the same way as the clinician considers 
compensated heart disease, neglecting perhaps to take mto account the \a8t 
difference m the relatu e importance of these two to reasonabl> adequate sur 
vi\al It has been frequently suggested that malalignment may be adequately 
compensated for in > outh, but giv es way to symptoms under conditions of stram 
or as muscle power wanes with iocreosmg age 
The Utemlurc following the last war makes repeated reference to the high 
mcldence of disabflity developmg under the ngors of military life and very 
generally credits faulty body mechanics os a contributory cause (Willard, 1918, 
Talbot and Brown 1920, Forrester Brown 1920, Millikcn, 1928) Hellebrandt 
et al (1942) applied more precise modem methods to a re-exploration of the 
influence of the standard array pack on postural stability and alignment In 
dustry retains a concern o\ er body mechanics m its rdations to fatigue and out 
put (Bcdole and Vernon, 1924, Zachanas 1941) but the contemporary mtenat of 
military mcdidne has wandered away from such problems to an mtensivc study 
of the effects of centrifugal acceleration There is a growing literature m this 
field It has recently been reviewed cxhaustl\cly by Ham (1943) Positive 
accclcrotions of 0 to 8 g are known to occur in the mancu\ere of modem combat 
amtion and human subjects are being exposed to these in controlled observa 
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tions in planes and in the centrifuge When one considers the amazing capacity 
of the human to resist centrifugal accelerations of very high order, the effects of 
the gravitational stresses mcidental to the simple verticahty of the biped sink 
mto insignificance by contrast That they can never be as malign as implied 
m a large and uncntical literature on the subject is probably a s^e deduction 
from the type of evidence Ham revieivs Analysis of the “black-out” pheno- 
menon ^vlll doubtless add much to our fundamental understandmg of the efficacy 
of the various buffer mechanisms called into play m efforts to avert cerebral 
ischemia of mcapacitatmg proportions It is none the less mterestmg to observe 
that the apphcation of simple postural tests of cardiovascular efiBciency to the 
selection of prospective pilots was receivmg mterest as early as 1921 (Scott, 
EUis) and that the Schneider Test contmues to serve a useful purpose m aviation 
medicme The capacity to resist g will doubtless influence the selection of 
pilots for flight trammg mvolvmg high centrifugal stresses Factors affectmg 
tolerance to centrifugal acceleration are m need of study (Rook and Dawson, 
1938) 

Tests and meamremenls of 'posture Efforts to measure posture m objective 
ways smtable for mass exa min ations have been made largely by lay observers 
In studymg the normal, they have been confronted with deviations so shght that 
elaborate tests have become necessary to assign grades to such variations In 
contrast, precision devices have been comparatively little used by the orthopedic 
specialist m his exammation of posture Since the early observations of Borelli, 
Braune and Fischer, Vierordt and Leitersdorffer, reviewed by SchSfer and Luci- 
am, few physiologists have mterested themselves m the problems of alignment 
Those most active m the development of practical methods of assessmg the 
abihty of the neuro-muscular and skeletal systems to resist gravity have shown 
the greatest disregard for the weakness of the evidence already cited which m- 
dicts poor posture as a factor mducmg malfunction and ill health Although 
objective tests are more rehable than subjective ones (Cureton, Wickens and 
Elder, 1936), justification for makmg such exceedmgly tedious measurements 
has never been put forward clearly To date, the tests have been used largely 
for purposes of catalogumg and education Few applymg them have taken 
cogmzance of the fact that “m biological terms posture is constant, contmtious 
adaptation” and that there is a certain fniitlessness in classifymg anomahes, its 
only satisfaction being the creation of a typology (Campbell, 1935) Few seem 
to have appreciated the fact that the posture tests m current use are based al- 
most exclusively on an untenably static concept of standmg Recognmng this 
pomt, Lee and Brown (1923) concede that the subjective rating of an examimng 
physician who sees the body m use may give a fairer evaluation of stance me- 
chamcs than that attamable from a smgle instantaneous objective observation 
However, properly mteipreted, posture tests have an obviously useful function 

The hterature contains a senes of mcrcasingly complex ways of testmg and 
measuring posture General reviews embracing methods may be found m the 
papers of Mott (1927), Schwartz (1927) and Babecki (1929) To Cleha 
Mosher (1915) and Brown (1917) goes the credit for the earhest use of the 
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sclwmatograph Fradd (1923) subsequently developed the sUhouetteograph, 
which was later modified to mclude contours by Hubbard (1935), Wnght (1936) 
and HaHett (1935) Co-ordinates were next mcluded in the photographs 
(Moore 1934, Leonard 1934) to assist m evaluating the verticahty of alignment 
Biplane stereoscopic photographs were made by Clough and Murlin (1928) and 
Bernstein (1930) obtainc*! a three dimensional concept of body position with the 
use of mirrors 

Vanations m the depth of the antero-postenor curvatures of the spme have 
been scrutinised bj the use of the lead tape, the conformature (Rejmolds and 
Lovett, 1909), the comparograph (Kerb, 1939) and by the appheation of light 
aluminum pointers to project skeletal parte which are mvisiblo in profile view 
photography (MacEwan and Howe 1934, MacEwan Powell and Howe, 1936, 
Wickons and luphuth, 1937) Although these tests >'ield graphic records, their 
ratmg is often based entnelj upon mspectional analysis guided by arbitrary 
entena influenced unduly by changmg esthetic considerations E\ on the Mac 
Ewan and Howe test, which is one of the roost exacting does no more than re- 
place mdi^ndual judgment bj a group evaluation That this is inherent m the 
numoncal scoring system proposed has escaped notice 

All posture testa appear to be built around the assumption that the less the 
jointed body parts deviate from the vertical, the amaller arc the rotational 
stresses demanding equilibration by muscular contraction and the less the energy 
cost The speculative nature of this view was recognised by du Bois-Reymond 
(1909) A vertical line coinciding with the axes of rotation of the jomts of the 
inferior extremities and the lobe of the car is widely looked upon as the ideal 
distribution of the parts around the vertical projection of the body’s center of 
gravitj This ohgnment, which has been called the norTTial aifUung after 
Braune and Fischer is actuolij an abstraction never encountered in the normal' 
weight-beonng bod} of hving man Although it is universally recogmied that 
gravity is the m^ deforming force octmg on the human body for the modifica 
tlon of posture, it is curiously true that few efforts ha\ o been mode in the field 
of stance testing to cstabibh an experimentally determined “weight lino ’ as a 
pomt of departure for the anal\’8is of the alignment of bod> parts This has 
been done b> Cureton and Wickens (1036) by a method identical m principle 
to that of du Bois RoTDond (1909) and R<^olds and Lovett (1900) Kelso and 
Hcllcbrandt (1937), and Hellebrandt and associates have synchronised biplane 
postural photographs with center of gravitj determinations (1938 1942a, c), 
and used these combined methods to check the ^ aliditj of one of the current 
methods of evaluating stance (Hellebrandt ct al I942d, e) 

The btodipiamtcs of aianding The carl} work on Animal Mfchanici of Borclh, 
the Weber brothers and Braune and Fischer is ndequatcl} reviewed by Hn} craft 
(Schafer 1900) Recent students m this field include Cotton (1931) Easier 
(1929, 1932), Oku}ama (1932), Kelso and Hcllcbrandt (1937) and Helle- 
brandt ct al (1937 1938 1942) 

“^Vhcn man became a biped and assumed the upright position ho immediately 
made an enemy of gravit} and he has been fighting this relentless foe ever 
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Since” (Jones, 1933) In this struggle man demonstrates some of the most 
striking compensatory automatisms in human physiology Bedale and Vernon 
(1924) noted when several positions were taken in duphcate or tnphcate on differ- 
ent occasions that there was nothmg accidental about the postures assumed 
The optimum of any position could be gauged to a mcety and the versions of each 
mode were hardly distmguishable from each other 
Reynolds and Hooton (1936) were the first to attempt an investigation of 
the speculative inferences concerning the relation of the pelvis to the mechamcs 
of the erect posture The degree of pelvic mchnation with its associated lumbar 
lordosis 18 probably the most important smgle factor determining the postural 
attitude of the mdl^^duaI They observed from a combination of biplane center 
of gravity determinations and x-ray measurements that asymmetnes of the 
pelvis and unequal leg length bore no relation to lateral displacement of the 
projection of the center of gravity either m the pelvis or in the base of support 
Mosher (1895, 1919) early called attention to the asymmetry of the natural 
stance of man Morton (1935) assumes that the center of gravity plumbs over 
the geometnc center of the supportmg base disregarding the toes which he does 
not consider actively functional in normal standing There has been mterest in 
the exact location of the vertical projection of the center of g^a^^ty on the part 
of others (du Bois-Reymond, 1900, Basler, 1929, Hellebrandt et al , 1937) 
Hellebrandt and Fries (1942) direct attention to evidence which tends to in- 
vahdate the theoretical conception of Morton They found that the stance of 
adult vomen was overwhehnmgly asymmetnc, the vertical projection of the 
center of gravity faUmg slightly to the left and behind the geometnc center of 
the total supportmg base They propose that this phenomenon of stance ec- 
centricity may be compensatory for a nght sided hmb preference 
Postural sway is inseparable from the upnght stance This phenomenon has 
been extensively studied smce the pioneer observations of Vierordt (1862) 
The hterature has been well reviewed by Skogland (1942) Gross estimates of 
the insecunty of the vertical posture were made by Weir Mitchell and Leins 
in 1886 The work was contmued by Hinsdale (1887) and by Bullard and 
Brockett (1888) In 1893 Romberg called attention to the diagnostic signif- 
icance of the mordmate postural sway evoked by simple closure of the eyes and 
constnction of the supportmg base in patients with posterior column disease 
Graphic records of postural sway, called cephalograms, are made either by a 
stylus attached to the head or by strappmg a hght platform to the subject’s 
back and having him stand under a ivntmg pomt Cephalograms have been used 
for the estimation -of postural stabihty m the studies of Rosenfeld (1915), Eich- 
kem and Skaggs (1928), Skaggs et al (1932), Skaggs (1937) and Schildbach 
(1940) In 1922 Miles devised an ataxiameter which permitted better quantita- 
tive handling of estimates of postural instabihty than W'as permissible mth the 
previous graphic methods The ataxiameter w^as subsequent^ used by Fear- 
mg (1924, 1925a, b) In 1940 Liebert combined the graphic and numencal 
methods, recording the distance covered m the cephalogram Ricaldonis 
(1928) departure m method allowed for a biplane study of the amplitude, he- 
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quency, rhythm, and form of the oscillations of tho bod> ns a -whole ^^hilc stand 
ing He placed the subject on a platform suspended from cables The mo^ e- 
menta of the platform nerc transmitted to a large air capsule and thence to a 
recording tambour Moss (1931) subsequent!) devised a method similar m 
principle and this ivas used bj Omwakc (1032) Finall), HcUcbrondt and 
Kelso (1942c) obtained oscillograms of postural swaj These compounded the 
shifts in tho center of gra\nt} occurring in the two cardinal i ertical onentation 
planes of the body during natural effortless standing 

There is general agreement that stance is steadied when the ej cs arc open 
and focussed on a fixed pomt and least stable mth the ej cs closed Distraction 
reduces 8\v&\ When the feet are together the stance is unsettled Turning the 
toes out to an angle of 46 degrees or separating the feet so as to equaluc tho 
coronal and sagittal diameters of support steadies the stance Swa> is much 
greater in the antero-postenor \ ertical orientation plane than in the transverse 
Height and m eight correlate poor!) with slabilitj In tho Romberg test the 
relationships are so Ion as to lack significance Thus the bodj may compensate 
in other waj*8 for mechamcally disadvantageous factors m phvsical build 
Though kaleidoscopic at first sight w hen carefully mode, postural sn av patterns 
ore characteristic for each person and highl> reproducible There is lack of 
agreement chieflj as to whether stance training reduces postural instabiUt) or 
not, and whether fatigue is reflected os readily as often implied, In an augmenta 
tion of swa) 

Man possesses a relatu ely high center of gravity which must be maintained 
over a small supporting base Since the weight lino falls in front of the ankle 
joint shifting gravitational rotatorv stresses must be incessantly equilibrated 
One might conclude from the inseparable association of postural swav with 
standmg that tho struggle against gravity is but poorlj met However, capn 
Clous as the behavior of the center of gravit) raaj poem its oscillations arc so 
accuratcl) balanced that the av erage relation of the center of mass to the base of 
support remains reraarkab!) constant at least m \ igorous > oung adults with 
good cquiUbmtoo and kinesthetic senses (Hcllcbrandt and Fncs, 1942) 

The nntroloQtcal basts of standing The myotatic reflex is of exceptional im 
portonco to the maintenance of Uic upnght stance (Liddell and Sherrington, 
1024 1025) The vcsrtical onentation of the segmented bod> m respect to tlio 
lino of gravdlv is conditioned by a more or less selective distnbution of this re- 
flex to the extensor muscle groups Adjuvant reflexes cmanatmg from wide- 
spread receptors toleoceptive labyTinthinc propnoccptiv c and exteroceptive, 
rcadilj modify the geotonus of tho antigravnty muscles lOcm and Schilder 
(1020) aptU present the postural model of the bodj ” ns one compounded from 
a combination of fluctuating optic Influences tactile impressions and kmcsthetic 
cxpcnenccs The commingled sensations which regulate postural tone are only 
focbl) dlscnmmable The^ rarely obtrude upon consciousness (Evans, 1920) 
Fulton and Sherrington (Cowdrv 1930) even place the basic proprioceptive 
reflex entirely ‘Txivond self-cxamination by anj effort of introspection' 
Although tho bram has onh limited cognitive power over the muscles (Keith 
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1933), the acuteness of propnoception is susceptible to cortical influences (Fear- 
mg, 1925b) However, posture is essentially an automatism and the mmd is 
unaware of how we do our standing (Sherrmgton, 1933, 1941) 

The orthograde stance of man is a neurological achievement of significance 
The multiphcity of the reflexes co-operatmgin its behalf suggests that the phenom- 
enon must be important to warrant such elaborate protection Deficiency 
of one reflex circuit may be associated with a compensatory coaction of those 
remammg (Hansson, 1932) It is usually conceded that a kmesthetic defect 
accompamed by insufficiency of more than one of the accessory postural re- 
flexes abolishes normal stance (Wiggers, 1935, Starhng, 1936), but the relative 
importance of the various accessory stance reflexes to the normal adult human 
has never been defimtively determmed 

The stnkmg effect of retmal stimulation on the postural tonus of man is 
readily seen m the Romberg phenomenon Poorly demonstrable m the normal, 
the magnitude of the steadymg effect of visual impressions when the supportmg 
base is narrowed, is easily appreciated when the proprioceptive reflex circuits 
are defective as m Fr&nkel’s locomotor ataxia How the eye controls the tonus 
of different muscle groups has been beautifully demonstrated m heUotropic 
msecte bj'^ Garrey (1918) Unequal photochemical reactions of the two eyes 
call forth asymmetncal tension, unbalanced postures, and movements along 
forced paths 

The neck and labyrmthme reflexes have been studied by Magnus (1924, 1926), 
de Kleqn (1924), de IQeijn and Versteegh (1924, 1927), Bentoff (1915), and Mc- 
Nally (1930, 1933) The attitudinal reflexes ongmating in propnoceptive re- 
ceptors of the neck and m the utncle are not conspicuous m adult man, but the 
tome neck reflexes are ehcitable m the normal human infant durmg the first 
twelve weeks of life Gesell (1938) considers them virtually a umversal feature 
of neonatal infancy Their persistence beyond the first half year mdicates re- 
tarded, arrested, or defective development 

Sherrmgton (1910) believed that centripetal impulses from the touch and 
pressure receptors of the soles of the feet contribute little or nothmg to reflex 
standmg In the horse, pigeon and cat the afferent conductors could be severed 
without affectmg reflex standmg Hams (1938) has recently desenbed an ipsi- 
lateral extensor reflex, mild and long endurmg, which may be evoked by stimula- 
tion of the medial plantar nerve m the dog Bard (1941) describes a senes 
of nonvisual placmg reactions of importance to quadrupeds m mamtainmg 
the center of weight properly within the confines of the supportmg base Little 
18 known about placmg and supportmg reactions m man There is reason to 
suspect that the transformation of the weight-beanng limbs of man mto ngid 
pillars of support by unyieldmg reflex tonus would be a disadvantageous retention 
of a prnmtive reaction incompatible with the mamtenance of circulation m the 
biped 

The predommant afferents responsible for the production and control of 
postural tonus are those of the propnoceptive group conung from the muscles 
and jomts of the weight-beanng limbs These are of fundamental importance 



VERTICAIj stance of uan 


229 


The short ciromt myotatio reflexes come into synaptic alhance noth the moto- 
neurons of the anterior horn- Their rhythmical bombardment is automatically 
insured by the incessant stimulation of stretch receptors incidental to the m 
voluntary postural sway inth nhich standmg is mvariably associated (Hello- 
brandt, 1938) Thus streams of impulses arise mthin the muscles themselvce 
While the stretch reflex is basically a spmal process fDcrnnv Brown and Liddell, 
1927), the afferent flow may impmge upon cord centers significantly modified 
by descending impulses of gupraspmal origin « hlch exert a profound influence 
on the subtetamc contractions which ultimately develop m the fraction of the 
antigravity motor imits subjected to rotational stresses The magnitude of 
the response, its speed and durabon are probably related to the vigor and rate 
of the stretch bemg Imuted to the umts specifically affected Thus conceived, 
postural tonus would bo automabcally adapted to the force which must be 
equilibrated if the weight beanng limbs are to remam upright (Hellebrandt, 
Cn^er and Kdso, 1939) 

The long circuit afferent pathways meduitmg propnocepbvc impulses traiol 
to the cerebellum by way of the dorsal and ventral spmo-cerebellnr tracts and 
the poatenor columns Thence these impulses may bo shunted rostrally by way 
of its superior peduncle to the thalamus and the cortex of the cerebrum or doivn 
ward to synapse with the final common path via the rcticulo-spmal veatibulo- 
apmal or rubrospinal pathways This euggests that the cerebellum, brain stem 
and cerebrum all contribute to the control of posture. Mcscnccphahc transeo 
bon between the anterior and posterior corpora quadrigemmi releases the lower 
motor neuron from the inhibitory influence of suprabulbar centers and throws 
the antigravity muscles mto strong tone. The augmenting impulses emanate 
from the vestibular nuclei and descend by way of the \ cstibulo-spinal tracts 

Biebcr and Fulton (1938) showed that corticofugal impulses descending 
from the motor cortex and the premotor cortex arc normally concerned in sup- 
pressing the neck and Inbyrmthinc reflexes and tho nghtmg reflexes of the adult 
monkey and baboon The rile of the cerebellum m the control of postural re- 
flexes Is imperfectly imderstood but Dow (1938) has demonstrated that the an ter 
lor lobe has a well defined Inhibiting effect on tonus Bilateral destruction of 
tho red nuclei produces choracteristio disturbances m gait, mild increases m 
nxtensor and stub tonus delay and exaggeration of the schmkel, kinkeban and 
tUmmhnn reactions Ingram, Rnnson and Barria (1934) conclude that the red 
nucleus is concerned with the regulation of muselo tone plays its small part ns a 
co-ordinator and exercises restramt on certam motor actmbes In a way per 
hops subordinate to influences which originate ahoy c tho mesencephalon Met- 
tier ct al (1939) stimulated the corpus slnatum of cats and monkeys Stimula 
bon of the caudate putamen or claustrum Inhibited movements induced by cortl 
cal excitation w lule stimulation of the globus pallidum imparted ‘ plastic tonus’ 
to tho cortlcally induced moyements, exerting a holding effect upon them pro- 
longing their relaxation time 

A y aricty of efferent conductors impinge on the final common path tendmg 
to increase or decrease the actinty of the lower motor neurons In ascending 
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the phylogenetic scale, the final common path is brought more and more under 
the control of cerebral centers The basal nuclei make only mdirect connections 
with the final common path by w'ay of the red nucleus, the substantia mgra and 
the thalamus, and efferent impulses from the cerebral motor centers descend 
either directly or by way of the cerebellum Thus almost all portions of the 
central nervous system appear to have some part to play m the control of the 
postural reflexes Wilson (1926) doubts whether the skeletal muscles of higher 
vertebrates ever respond to afferent impulses from one source alone Indeed, 
the mamtenance of posture must be looked upon as the resultant of a bewildenng 
interplay of reflexes 

The chronological unfoldmg of the reflexes which allow for the assumption 
and preservation of the upright posture has been studied recently by Matulay 
(1938) on a group of 134 children divided mto groups accordmg to age He 
found the neck and labyrmthme reflexes ehcitable by the third month Between 
the third and sixth months the hopping and bracing reactions appear and 
supporting tonus is demonstrable m the lower extremities on passive standmg 
The tome reflexes start dmunishmg durmg the sixth to the twelfth months 
and are absent m children between the age of two and one half years and five 
and one half years in whom nghtmg reflexes, hoppmg and bracmg reactions 
are fully developed 

Under pathological conditions the pmmtive reflexes of infancy may reap- 
pear (Schaltenbrand, 1928) Weisz (1938) studied the neck reflexes and 
equilibnum reactions as synergic phenomena The former fade as the latter 
mcrease in strength m the course of normal development Byers (1938) beheves 
that the primitive postural reflex mechanisms are mcreasingly buned m higher 
mammals by the activity of phylogenetically newer neural machmerj'^ and re- 
appear only w hen this is destroyed Magnus (1926b) has expressed the view that 
the attitudinal reflexes seen m animals are all present m man but only excep- 
tionally demonstrable m the healthy adult Neck nghtmg reflexes are present 
m normal adults (Schilder, 1929) The optical nghtmg reflexes are also active 
in man Dusser de Barenne (Murchison, 1934) demes that tome neck reflexes 
have been demonstrated m the normal human adult ivith any degree of certainty 
He believes that w hen they occur, they cannot be identified ivith the true neuro- 
physiological phenomena of Magnus and de IQeijn, bemg rather psj’-chogemc 
motor reactions Much wiU eventually be learned from attempts to mterpret 
the postural disturbances seen m chmeal medicine m terms of the experimental 
obsenations of Sherrmgton, Rademaker, Magnus and de Kleijn (Brock and 
Wechsler,^ 1927, Haynes, 1928, Schaltenbrand, 1929, Wechsler, Bieber and 
Balser, 1936, Matulay, 1938, Ford and Walsh, 1940, Nielsen and Fneman, 1941) 

The energy cost of standing It has long been a favorite argument of those 
concerned inth the correction of poor posture that so-caUed good body mechanics 
bring about a significant saving in energj’’ and hence allay mcapacitatmg fatigue 
This concept, like the supposed detrimental effect of poor posture on visceral 
function, IS based almost exclusively on a priori evidence Tepper and Helle- 
brandt (1938) determmed the metabolism of 76 w'omen m recumbency and 
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■passi\elj aamimed standing The average increase on standing wns 6 71 cals / 
sq m /hr or 10 26 per cent Turner et al (1930) had observed a nse of 6 8 
per cent at 62 degrees and 19 per cent at a 90 degree angle from the honrontal 
These increases are small in companson with the metabolic coert- of the phasic 
contractions of exercise, and could hardly be significant!} affected b> minor 
alterations m bod> mechanics (Hellebrandt Brogdon and Tepper, 1940) Lap 
lace and Nicholson (1036) failed to show real differences m oxy gen consumption 
as a result of improvement in posture. 

Sherrington (1015) called attention to the fact that postural contractions ma> 
be maintained for long periods of time without obvious fatigue This astonish 
mg economj of postural contraction gave rise to speculation as to the cause of 
such indefatigabilitj Hoefer (1941) concluded from action potential studies 
that minimum exertion goes mto standing under normal conditions Posture 
appears to be maintained b} the activity of a small fraction of the motor umts 
potentially axailablc Larger action potentials occur only when weight dis- 
tnbution is changed by shifting or ewajnng From tlua pomt of ^^ew noimal 
standing on both legs is almost effortless 

A rotation of activity among motor units has long been postulated to explain 
the sustained maintenance of postural contractions without fatigue (Barbour 
and Stiles, 1912 Fdrbcs, 1022 Fulton 1926) Bard (1941) argues strongh 
against this In port bccauso mcomplote tetani can be kept up almost mde- 
finitcly without fatigue m mammalian muscle with intact blood supph , Bard 
concludes ‘ there is no a pnon reason for rotation ” However if the stretch 
afferents arc m reality stimulated by postural s^raJ rotation of motor units prob 
ably follows whether there is a pnon reason for such rotation or not A glance 
at the trajoctorj of the shifting center of Avoight during normal effortless standing 
(Hellebrandt and Fnea, 1942) affords good presumptn o evidence m support of 
checkered asj ncbronism of action on the part of motor units during standing and 
this mav sccondanlj account m part at least for the mdcfatigabiHtj of postural 
contraction 

Compcn$aiiont for the hydroslaltc effect of graviiy The graMtational force 
exerted upon the circulating blood m the erect position is gencralW recogmied as 
a cardiovascular handicap b> a irtuo of the opposition it offers the \*enous return 
The earliest obseri ations upon this subject were made by phvmcians describing 
mmcopal attacks One of these, Piorrv (1820), oven supplemented his clinical 
expcncncc Anth mA estigatiA c Avork on dogs Phi"8iologists long ha\ o concerned 
themselves Avith the effects of the changes imposed dirccth upon the cardio- 
\ oscular sj stem bv ATrticality ThoA haA o giv cn much attention to thodiA orse 
compensator} mechanisms w hich exist to offset threatened dispant> bclAvecnthc 
sue of the v ascular bed and the a olume flow in the erect position A matter so 
important for surviATil as the adequaej of the circulation to vital centers located 
m the head is protected by a number of devices, os are man> other indispensable 
functions Thus ATisoconfltnction acceleration of heart rate, augmentation of 
respiration, general tonus of muscle, and muscular activitj have all been subjects 
of inquiry in this regard 
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There have been many pubhcations reportmg a diminution of cardiac output 
mnormal man in the vertical position as compared with the horizontal (Lindhard, 
1913, Field and Bock, 1925, Turner, 1927a, Schneider and Crampton, 1934, 
Donal et al , 1934, Scott, 1936, Neularch, 1937, Sweeney and Mayerson, 1937, 
McMichael, 1937, Asmussen et al , 1939b) A few observers have reported 
values similar for both postures or an augmentation of cardiac output dunng 
standing (Grollman, 1928, Schellong and Hememeier, 1933, Goldbloom et al, 
1940, Starr and Rawson, 1941) The magnitude of the reduction has vaned from 
a slight change to a dimmution of 26 per cent It is affected m particular by the 
length of the standmg period, the nature of the change from horizontal to vertical 
(whether active or passive), the character of the stance (rigid, relaxed, supported 
or restless), and the abihty of the subject to tolerate the upright position under 
vanous restrictmg conditions mcidental to the techmc of the particular proce- 
dure In their paper, Donal et al (1934) tabulate the values for cardiac output 
reported m the literature The evidence pomts toward the conclusion that 
stroke volume is significantly reduced m the vertical stance 

Observations upon postural changes m blood composition and leg volume add 
indirect supporting evidence to the behef that cardiac output is reduced dunng 
standing They are the consequence of -withdrawal of flmd m the dependent 
parts corabmed -with simple stagnation m a -widenmg vascular bed In 1928 
Thompson, Thompson and Dailey reported an average loss of 11 per cent 
total plasma volume dunng prolonged standmg They found this to be protem 
free The maximal fluid loss occurred m from 20 -to 30 mmutes and was re- 
turned to the circulation m about the same time upon resumption of recumbency 
Waterfield (1931a), usmg carbon monoxide instead of the dye method for es- 
timating blood volume, obtained comparable values on the quantity of fluid 
lost, but observed a plasma concentration which suggested that the 
capiUanes became permeable to protem fractions other than the globulm His 
plethysmographic measurements of the inferior extremities (1931b) demon- 
strated volume increases of an order which corresponded weU to the blood volume 
changes, indicating that such loss of plasma from the circulation was due -to its 
leakage mto the tissues Turner (1930) reported a progressive mcrease m the 
volume of the legs m the erect position, a§ did Looke m 1937 and Asmussen and 
his associates m 1939 (a) Wells et al (1938) believe the ratio of the final rate 
of filtration to mitial rate is of a magmtude to be expected on the assumption 
that filtration ceases m some muscles, but contmues indefimtely in others and 
m the skin The distmction thus draivn between the muscles rests upon their 
fascial covenngs In those tightly surrounded by connective tissue sheaths, 
mtramuscular pressures rise to 50 cm of water dunng qmet standing, which is 
sufficient to stop filtration In those muscles more loosely covered, the mtra- 
muscular pressure reaches only 20 cm of water Thus the latter regions may be 
conceived of as the filtermg areas through which plasma contmues to seep mto 
the tissue spaces more or less ad infinitum 

The work of Krogh, Landis and Turner (1932) emphasized the relationship 
betv een filtration in the capillanes and the coUoid osmotic pressure by showing 
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that when the latter was elorated m Btanding, the rate of filtration produced by 
a given venous pressure was uniformly lower They found n significant leak 
age of protem in venous stasis when the pressure became high Youmans ot 
al (1934) reported a marked mcrease in the colloid osmotic pressure of serum 
withdrawn from the foot during passive support at near i ertical angles main 
tamed for protracted periods of time Keys and Butts (1939) also reported 
a marked mcrease m colloid osmotic pressure ns a result of one-half hour of qmot 
standing and confirmed the work of Man and Peters (1933) which showed that 
the capiUancs are impermeable to lipoids Youmans and his co-workeis found 
that although the leg volume increased pitting edema did not occur m any 
strictly normal subjects However in spite of the self limiting effect of filtration, 
it appears that asKrogh Landis and Turner (1932) said, “the erect human being 
IS constantly near to edema " 

Further mdlrect support to the cxpenroental endence showmg a reduction 
of the total output of the heart in standing Is found m the observations of 
postural changes m blood velocity Methods used in the study of circulation 
tbne m man include the intravenous injection of vital red (Thompson ot nl , 
1928), of histamme phosphate (Bock, Dill and Edwards 1930), and solutions of 
calcium, magnesium and sodium salts (K\ale and Allen 1939, Ma>orBon et nl 
1939) These mvestigators are in agreement that dunng vcrticahty a rotarda 
tion ot blood flow occurs It was more marked when the subjects w ere passively 
tilted to the vertical than when they stood, even with as little motion as possible 
Subsequent determinations on oxv gen utilisation of the legs were made bj Flor 
kin, Edwards and Dill (1930) Thoj estunnted that m the erect posture onl> 
one half ns much blood flows through the legs in umt time as in the rccllmng 
position Although the superficial veins fill and stretch under the stagnating 
fluid it is suggested that the deeper \ cins are less subject to change m diam 
cter Kvale and Allen (1039) behove that information on the speed of flow 
in the arteries can be secured bv subtrnctmg the arm to-tongue time from the 
arm to-foot time. The rcsultmg figure, which giv ea roughlj the v entnclo-to-foot 
time, they found moreased after 10 minutes m the erect position indicating slow 
ing ot the artcnnl circulation apparently as a result of vasoconstriction Thor 
mostromuhr measurements on dogs (Majerson, 1942) supplement and extend 
these on man and provide direct evidence of vasoconstnction wnth a slowing of 
volume flow to subcardial regions The decrease on the arterial side is nc 
companied bj a marked doorcase m venous return 

The usual arterial blood pressure findings for normal erect subjects are a 
sjetolic pressure equal to or sllghtlj above the recumbent values, and an elevated 
diastolic pressure Thej are aceomjmnied by a heart rate distmctlj higher than 
that in lecumbcncj In 1904 Frlanger and Hooker observed that the accelera- 
tion of the heart and the diminution of the pulso pressure upon the assumption 
of the erect posture remmd one stronglj ot the effects produced bj hemorrhage 
Tlicse normal postural responses have been widely studied under a vancty of 
exjieriracntnl procedures In mnnv cases the subjects hav e been passivelj tilted 
to the vertical to eliminate the complication introduced bj the muscular work 
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of active change m position The subjects have been suspended in water to 
counteract the hydrostatic effect of gravity Observations have been made 
within 10 seconds after the change m posture and have been contmued without 
interruption through penods prolonged to more than an hour The subjects 
have been instructed to stand completely at ease, as quietly as possible, at strict 
attention, or have been restramed from movement by extrinsic supports The 
character of the standmg has not always been descnbed The penods of vertical- 
ity have been preceded by severe exercise as Avell as by rest of varymg 'duration 
m recumbency They have been interrupted by penods of mild exercise such 
as vaUong, either m place or about the laboratory Environmental tempera- 
tures have been either uncontrolled or consciously vaned More papers have 
dealt with the response of the male than the female 
Within 10 seconds after active change from recumbency to the erect position, 
the sj'^stohc pressure may drop from 5 to 40 mm Hg as demonstrated bj^Wald, 
Guernsey and Scott m 1937 After about 30 seconds, they found that in the 
majonty it regained or passed the recumbent level The diastohc pressure 
usually showed a nse vuth the mitial drop m systohc pressure, as did the heart 
rate The values were exaggerated if a tdtmg table v ere used for the change in 
position and the systolic pressure then seldom exceeded the recumbent level 
When the vertical position w^as maintained for longer penods, the heart rate rose 
14 beats or more per mmute and contmued to accelerate the longer the period 
of observation and the more quiet the subject (Barach and Marks, 1913, Sewall, 
1919, Mortensen, 1923, Lutterloh, 1937, Turner, 1929, Hamilton et al , 1932, 
Schellong and Hememeier, 1933 , Hellebrandt and Brogdon, 1938) The systohc 
pressure was not always held at its onginal level but frequently fell slight^ 
The diastohc pressure gradually but consistently rose sufficiently to reduce 
the pulse pressure to 20 mm of Hg or less Gross (1940) reported the oscil- 
lometnc mdex as measured m the arteries of the lower extremities to be reduced 
durmg standmg Support of the subjects at increasmg angles from the vertical 
bus shoivn the artenal pressure and heart rate values to alter directly with the 
grantational stress exerted on the circulation (Turner et al , 1930, Ghrist, 1930, 
Hamilton et al , 1932, Hellebrandt and Brogdon, 1938) As is to be expected, 
nullification of the hydrostatic effect by immersion m water holds the values 
near those characteristic of recumbency (Erlanger and Hooker, 1904, Helle- 
brandt and Brogdon, 1938, Asmussen et al , 1939c) 

Gravity shock — or orthostatic circidalory insufficiency Not all individuals can 
tolerate prolonged qmet standmg or passive verticahty As Turner emphasized 
m 1929, circulatory adjustment is effected by each person accordmg to his oivn 
pattern, and it is clear that some patterns are far supenor to others Most of 
the mvestigators m this field encounter “famters” among their subjects, even 
among those classified as strictly normal They may suffer orthostatic circula- 
torj"- insufficiency m from 10 to 30 mmutes Their systohc pressure is usually 
well mamtained until just before the pomt of syncope The diastohc pressure 
encroaches senouslj'^ upon the pulse pressure, finally fallmg rapidlj as the 
systohc pressure drops The heart rate, -which may h^ve exceeded the recum- 
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b^t value by 40 beats per minute, fluddenly slows Scbellong and Hcinemeier 
(1933) bave presented a diagram on the basis of their ^^o^k with both health} 
men and patients, showmg the course taken by the blood pressures, stroke 
volume, minute volume and oxygen consumption m “excellent regulation,” 
“adequate regulation,” “the tranmUon period,” “prenjollapse,” and then infer 
the data for “collapse” itself Hick et ah (1940) reported a more marked 
postural effect m hot environments than did Hamilton et al (1932) but both 
groups of mvestigators rated the cumulation less adequate in the erect position 
than in the honiontal 

Gravity shock has been ahown to mtemipt standing quickly m post-exercise 
periods Mateef (1936, and Petroff 1932) observed it often m sportsmen after 
spnnts at high speed and prevented it by bandaging the legs and thighs Brog 
don and Hellebrandt (1940) found it to be uniformly present in some subjects 
when they v.cre immobilked m the erect pc«ition after a brief vigorous bout of 
^\ork on a bicycle ergometer The orthostatic circulatory insufficiency was 
often rapid in its onset Heart rates first fell to approximate!} 116 per inmute 
from exercise values near 200, then began to nse agam, approachmg the im 
mediate post-cxercise level In recumbency, post-exercise, the fall to near 
stabiUfed levels would ha\e been stead} The diastolic pressure elevated, the 
systolic pressure fell for below the recumbent figure and syncope terminated the 
expenments 

Werner (1938) m South Afnca combined the factors of exorcise and a hot humid 
environment m studying the obilit} to stand He found that most of his adult 
male Bantu subjects could tolerate an hour of qmet standing after shoveUmg 
gravel for an equal penod of time When, m control experiments, the standing 
was undertaken in a cool room, no cases of collapse occurred 

Ckirapcnsator} mechanisms must be highly perfected m those able to resist 
the gravitational stress placed on the circulation m post-excrcisc standing 
Under such conditions there tends to be a great disparity between the volume 
capacity of the i oscular bed and the volume flow of blood Functional dflata 
tion of the ^ essols of the inferior extremities mcreases their volume capacit} 
The cessation of activity rcmo\"e3 the well recognired muscle pump which has 
assured on augmented lenous rctUm during exercise The hydrostatic effect 
of groMt} tends to further ividcn the bed and oppose venous return It is 
remarkable that the circulation con be maintained under such strmgcnt circum 
stances 

Mateef and Petroff (1032) and Looke (1937) were interested in the ability 
to resist gra\it} collapse as a problem of practical importance to choice of 
\ocation8 which arc earned on prcdQminantl\ in the upnght posture Massco 
(1942) has suggested that the ideal occupation for a person with orthostatic 
h}T>oten8ion would bo that of swimming instructor, standing in water to heart 
lc\ el would Qllc^'iate all 8}Tnptoms 

Posiural changfs in rfspiraiton The Influence of body posture on respiration 
was recognized b} Liljcstrand and WoUin (1913) The} demonstrated an m 
creased pulmonary ^cntlbtlon on standmg This the} attributed pnrannl} 
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to an augmentation of respiratory rate Hamilton et al (1932) observed that 
an mcrease m pulmonary minute volume became evident as their male subjects 
reached an angle of 50 degrees from the horizontal, which is close to that found 
by Hellebrandt and Brogdon (1938) to be the critical position at which circula- 
tory embarrassment commonly became evident m young adult women Mc- 
Michael (1937) demes the possibihty that the increase m pulmonarj'’ ventilation 
is apparent only, secondary to a postural change m pulmonary capacity The 
augmentation m pulmonary ventilation cannot be accounted for on the basis 
of mcreased metabolism (Turner, 1927, Franseen and Hellebrandt, 1943) 
Alterations m alveolar carbon dioxide also accompany postural change (Higgms, 
1914, Turner, 1927, B6hme, 1937, Mam, 1937a) In tiymg to decide why the 
alveolar CO 2 falls m the erect posture. Mam postulates that the drop is due 
largely to pulmonaiy over-ventilation secondary to cephahc ischemia Hitch- 
cock and Ferguson (1938) propose that the cause of the lowered alveolar COj 
m the erect posture may be simple dilution resulting from the increased volume 
of functional residual air (Wilson, 1927), which is then maintained by an im- 
pairment of CO 2 transport from the dependent portions of the body due to 
stagnation of blood in the legs, but Mam (1939) and Mam and Baker (1941) 
do not concur m this view 

There are many mdications that postural changes m respiration are related 
to the hydrostatic opposition offered the circulation m standmg Turner (1927) 
noted that over-breathmg occurred especially among subjects who tolerated 
protracted standing poorly This observation is supported by McMichael 
(1937) who found the pulmonary ventilation/100 cc Oi to vary approximately 
mversely as the absolute cardiac output 

Respiratory movements are some tunes considered as a subsidiary hne of 
defense against orthostatic collapse by virtue of expiratory compression of the 
abdomen and inspiratory thoracic suction Hill and Barnard (1897) observed 
that so long as the vasomotor mechanism is intact, the splanchmc area forms 
what can be likened to the resistance box to the circulation, and the effect of 
gravity is of no importance In the ammals studied it i\as found that the 
splanchmc vasomotor mechamsm was by itself sufficient to compensate for the 
hydrostatic effect of gravity However, if the vasomotor tone were abolished, 
blood collected m the abdommal vessels, the respiratory center was then excited 
by cerebral ischemia and blood was pumped mto the heart by virtue of the 
aspiratory action of the thorax and the mcreased mtra-abdommal pressure 
wffich curbed the outflow through the splanchnic capillanes Eyster and Hicks 
(1933) remvestigated the problem on dogs and concluded that even extreme 
alterations of respiratorj’- activity fail to modify stroke volume and cardiac 
minute volume significantly They suggested that the importance of breathing 
m reference to venous return has been exaggerated More recently Boyd and 
Patras (1941) have reported mcreases in stroke volume inth inspiration ivhich 
were augmented by the deep and prolonged breathing following vagotomy 

Mettenleiter (1924) called attention to the influence of the pressure changes 
associated with deep inspiration on the quantity of blood forced from the liver 
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into the infenor vena cava. Edholm (1942) also behoves the gasping rcspira 
tions of tho erect posture act along vnth contxactions of the abdominal muscles 
to squeeie the hver and force blood up the vena oava. Franseen and Helle 
brandt (1943) describe a penodicity m amphtude of breathing during orthostatic 
circulatory insuffioienoy so marked as to resemble Cheyn6.Stokea respuation 
Whether the mercase in breathing prolonged the penod of tolerance for the 
vertical posture through aspuatory action could not be determmed The fact 
that the mcreascs observed a-ere m many cases due to rises m rate with reduc 
tions m amphtude renders this unhkely The augmentation seems rather to 
reflect a general slowing of tho circulation m which the medullary centers suffer 
hypoxemiq unless more effective compensatory mechanisms respond to combat 
the pull of gravity upon the blood column Franseen and Hellebiandt (1943) 
present evidence in support of the materM benefit played by postural away 
in meetmg orthostatic hiTicrpnea 

In 1937 Mam postulated a propnoceptive stimulation of the respiratory center 
to account for changes m pulmonarj ventilation during standing which exceed 
metaboho needs Harrison (1930) has also suggested that tho mcreaso in ventila 
tion produced by passive exercise or mild activity is due to a reflex nnsmg m the 
moving parts and affecting tho reepiratory canter Comroo and Schmidt (1942) 
likewise conclude from observations on dogs and man that tho proprioceptive 
system defimtely contributes to hyperpnea of muscular exercise Thus one 
might look upon postural sway as a stunulator of tho respiratory center auto- 
matically regulating pulmonary ventilation m a manner destined to assist in 
tho combat against tho hydrostatic effect of gravity on the cumulation There 
are those who also rocognire the exaggerated respiratory movements of deep 
breathing as stimuli for a compensatory cutaneous vasoconstnction (Collier 
ot al , 1927, Bolton et al , 1936, Liob ot ah, 1936), but it is purelj speculative 
to contemplate whether or not such might contribute m anj significant wav 
to tho balance of power m the strugglo to avert gravity collapse. 

Paihological failures m compemalton The imperfections of man’s adaptation 
to tho orthograde stance have been abundantly recogniicd Although the 
literature in this field is extensile the failures m adaptation arc only rarely 
incapacitating to a senous degree. When cntically evaluated thoj sen’o con 
vmdngiy as evidence ot the remarkable ability of tho human macluno to contmuo 
its primary functions m the face ot handicaps, and to re-emphasiie the buffering 
\nluo of tho margins of safety under which all important activities proceed 
Failure to isolate posture ns tho single etiological variable has complicated tho 
interpretation ot many reports m tho hlerature Both tho erect posture and 
prolonged recumbence have been shown to be conducive to tho formation of 
renal caleuh (Ward, 1937, Puliertaft, 1939, Carlson and Ockorblad, 1940, Lich 
and Mansfield, 1942) 

Smith and Eaton (1942) reported a senes of cases in which progressive ortho- 
static tremor of tho legs occurred during full weight bcarmg, while Thomas 
(1939) observed one in which recurrent transient paralj-sis of the right arm and 
log could be produced by passive tiltmg to a 75 degree angle. Ephedrino, 
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benzedrine and parednne, which controlled the associated postural hypotension, 
greatly diminished the number and seventy of the attacks 

Mosher (1909) developed an instrument for measurement of pelvic obhqmty 
and early stressed the importance of posture to signs and symptoms of abnormal 
functionmg of the reproductive organs m women She reasoned that intra- 
abdommal pressure should be directed downward and forward toward the pubic 
bones and antenor abdominal wall lest the abdominal contents be forced mto 
the supenor strait of the pelvis Lateral obhqmty was associated with asym- 
metry m the position of the uterus In 1917 she compared the pelvic angle of 
women mth good and poor posture Faulty habits of standmg were associated 
with a reduction m the obhqmty of the pelvis, mcrease in mtrapelvic pressme 
and retroversion or retroflexion of the uterus Lateral asymmetries m posture 
allowed the intestinal loops to shde mto the pelvis on the low side and serve 
as a pry, movmg the fundus of the uterus away from the mid-hne toward the 
high hip 

lOotz (1938) stressed the importance of proper weight lifting and weight 
carrying to the supportmg functions of the pehic floor X-ray studies demon- 
strated a more inspiratory position of the diaphragm m incorrect hftmg This 
suggasts that improper hftmg may be associated mth a Valsalva effort Proper 
hftmg seems to be done i\ith the glottis open and the diaphragm m the expira- 
tory position That these points may be well taken is indicated by the observa- 
tions of Mengert and Murphy (1934) that mtra-abdommal pressures may 
mcrease from 7 7 to as high as 23 2 cm Hg by voluntary muscular effort 

In 1927 Aliller commenced the use of silhouetteographs m the study of the 
stance of gynecological patients He postulated that poor postme produced 
chronic congestion of the pelvic organs which nught then be the cause of leukor- 
rhea and menorrhagia In 1930 he reported a decrease in the incidence o 
dysmenorrhea with improvements m body^ mechanics but subsequentl 3 a e 
to confirm his earher inews (1934) In 1934 Adams concluded that corrective 
postural exercises resulted m complete or partial rehef of painful menstruation 
m enough cases to v arrant their tnal where gross pathological lesions cou 
be excluded 

Marx (1928) observed imtial and final emptying tune of the stomach, Ijang 
and standing The vertical posture inhibited gastnc motihty Franseen (1941) 
observed that gastnc acidity vas clearly depressed throughout and foUoinng 
penods of fixed standmg associated with orthostatic circulatory insufficiency 
With free postural svay and improvement of the circulation, the gastnc secretory^ 
curves v ere mdistmguishable from those of recumbency She suggested t at 
vasoconstnction in the splanchmc region, vhile temporanly maintammg an 
adequate cerebral cuculation durmg ngid standing, might become so extreme 
as to impair visceral function 

The pathogenesis of orthostatic albummuna is still poorly understoo 
Janevaj (1917) presents an historical survey of the problem He found ortho 
static albummuna associated with lumbar lordosis Brovm (1920) and Lee 
(1923) noted that orthostatic albummuna was frequently associated with poor 
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posture in otherwise normal young men Beer (1937) reported 2 cases ^\hlch 
showed massive unilateral albuminuria from the left kidney after maintenance 
of extreme lordosis for only 10 minutes dunng cystoscopio examination He 
likened this to the lordotic albuminuria of orthostatic ongm which is also 
unilateral and thought to be due to a pmching of the loft renal vein between 
the angle formed by tho abdominal aorta and the supenor mescntenc artery 
Rytand (1937), Russell (1925) and Shannon (19i2) present evidence which 
mdicates that orthostatic albummuna is not alwajT! “functional” and that it 
should not be classified as bemg;n without careful study 

Cordero and Friedman (1928) found the crimination of phenolsulphonphthalem 
greater m recumbency than dunng standmg The postural reduction ranged 
from 10 to 13 per cent and no correlation existed between the amoimt of water 
and of dye eliminated They found the \oIume output of unne in two subjects 
with functional albummuna from 60 to 200 per cent greater m recurabencj than 
standmg Even the sitting posture reduces water diuresis by 36 per cent 
(Janney et al 1933) The reduction of unnary excretory rate during standing 
has been postulated to be due to the number of glomerular capillancs exhibiting 
acti\e circulation (^Tiite ot al 1920) and to the combmed effect of increased 
colloidal osmotic pressure and reduced glomerular filtration rate (Ni and Reh 
berg, 1931) Smith (1939-40) noted a prompt reduction m renal blood flow m 
the majonty of normal subjccta tilted to tho 70-80 degree angle, and failure 
of the filtration fraction to ^ary invcreely with renal plasma flow McCann 
(1940) estimated the diminution m renal blood flow of patients with nophrop 
tosis when in the erect posture to range from 20 to 43 5 per cent with relative 
constancy of glomerular filtration and morcose m filtration fraction This is 
m contrast to a reduction of less than 10 per cent m normal controls Asmussen 
ct al (1939b) noted that diuresis was reduced from approximately 10 cc,/mm 
to 2 8 cc /rain m one subject and from 20 cc /mim to 8 cc /imn in another by 
prolonged retention at a 46 degree angle dunng which oxjgcn consumption ivas 
practically imchanged, minute volume decreased from 4 0 to 4 liters leg volume 
increased by 480 cc , systolic pressure was w ell maintamed, dlastohc pressure rose 
slightly, heart rate was markedly elevated and serum protein mcrcased 8 5 per 
cent in spite of high water mtake These Investigators also demonstrated that 
the diuresis could be altered at will bj counteracting tho hydrostatic effect of 
gra\ lt> on tho circulation by immersion m water They concluded that diuresis 
^vaa reduced by tho upnght posture largely Ihrou^ mcomplcte rcabsorption of 
water, sccondarj to a decrease m mcscntcnc circulation 

Orthostatic hypotension Is a recentl> recognised Bjmdromc related to tho 
vertical posture It is characterized b> a chief complaint of marked weakness 
on standing associated with dimness and sjmeope Lowering tho head, sitting 
or lymg down are followed promptly b> complete relief The condition becomes 
progrcssi\ oly worse Warm weather is associated with an exacerbation of tho 
signs and sjTnptoms There is usually anhidrosis or hypohidrosis The \ ision 
mav bo blurred Diagnosis is prcdicatcdon the abrupt decrease m Hj'stolic blood 
pressure to shock lc\'cls and failure of the heart to nccclcrato in response to the 



240 


P A HELLEBRANDT AND ELIZABETH BROGDON FRANSEEN 


hypotension Nocturia is frequently present accompanied by decrease m the 
urinary output in the day time if the patient is ambulatory The deficiency m 
excretion of water is associated with no lowenng m the excretion of phenol- 
sulphonphthalem Weis (1935) observed that the total day time urmary output 
was 1060 cc with the patient m bed and 380 cc at mght When up and about 
the day urme output fell to 430 cc and mght excretion was augmented to 1290 
cc Baker (1938) recorded a day secretion of 460 cc and night output of 1436 
m a typical case Croll, Duthie and MacWilham (1936) administered a diuretic 
dose of water (1000 cc ) and recovered 880 cc with the patient recumbent against 
73 cc with the patient up and about 

The first authentic case histones of this S 3 Tidrome were reported m 1925 by 
Bradbury and Eggleston A s imil ar syndrome had apparently been descnbed m 
about 1891 by Laubry as present m a case referred to him by Babinski The 
number of recorded cases has now mcreased to approximately 60, most of them 
occurrmg m this country (Ghnst, 1927, 1928, Ashworth, 1929, Riecker and Up- 
john, 1930, Sanders, 1931, Chew, AUen and Barker, 1936, Langston, 1936, 
Browne and Horton, 1939, Farmer, 1941) Several have reported cases of 
marked postural hypotension which have differed from the syndrome of Brad- 
bury and Eggleston m one major respect, that of compensatory tachycardia 
(Sanders, 1932, Barker, 1933, Hughes and Yusaf 1935) It is not improbable 
that the two conditions are fundamentally different Gillespie and Barker 
(1938), for example, observed several children with postural hypotension 
The mamfestations differed from those already descnbed m a number of sigmf- 
icant respects The orthostatic hypotension was mconstant It frequently 
appeared after exercise There were tachycardia and free sweatmg The 
circulatory insufficiency developed relatively slowly dunng approximately 15 
mmutes of standmg Gillespie and Barker credit the differences to age but the 
signs and symptoms suggest gravity collapse rather than orthostatic hjqjotension 
The differential diagnosis between these two phenomena has yet to be considered 
m the chnical hterature Gravity coUapse is a physiological orthostatic cir- 
culatory insufficiency Orthostatic hypotension is associated with unequivo- 
cally abnormal manifestations j rp. 

The pathogenesis of orthostatic hypotension is imperfectly understood ihe 
essential defect is m vasomotor regulation and the absent or dimmishe contro 
of heart rate m response to the sharp change m blood pressure Alvarez an 
Roth (1936) made a systematic study of the vanous sympathetic phenomena 
in orthstatic hypotension They pomted out that sympathectomy di no 
produce orthostatic hypotension unless the lower thoracic anterior roots were 
sectioned, and suggested that this might mdicate that it is the abdominal y®®® ® 
which fad, not those of the lower extrenuties (Roth, 1937) Kvale et al (19 ) 
reported cases of orthostatic hypotension followmg antenor rhizotomy or 
bdateral subdiaphragmatic extrapentoneal resection of the splanchmc nerves, 
cehac ganglia, and the first and second lumbar gangha m the treatment o es- 
sential hypertension It may be significant that the secondary orthostatic hypo 
tension m these patients was associated with tachycardia 
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There have been repeated signs of nasoemted disease of the central nervous 
system in cases of orthostatic hypotension (Ganshom and Horton, 1934 , Elhs 
and Haynes, 1936, Baker 1938) Laufer (1942) observed the syndrome in a 
subject with influenial encephahtis with central nervous system residues 
Bpmgam and Hitug (1942) described orthostatic circulatory InsufBciency m 
tabes dorsalis and Addison’s disease, and MacLean and Horton (1937) report a 
case associated with mj asthenia gravis Stead and Ebert (1941) concluded 
that orthostatic hypotension is a selective disease of the sympathetic nervous 
system, probably of central ongm sparing some ports One of the 3 original 
cases of Bradbury and Eggleston came to postmortem examination m 1927 
but the bram and cord were not studied There was no anatomical evidence of 
sympathetic involvement, suprarenal disease or status thymicolymphaticus 
Kvale et al (1939) made circulation time determinations in orthostabc 
hypotension and reported no reaction withm 2 minutes when standing indicat- 
ing marked stagnation of blood m the veins Hallock and Evans (1941) re- 
ported a case of hypotension with tachycardia m which they observed an exng 
geration of the normal filtrahon process durmg standing Within 10 mmutes 
after being tilted to the vertical posture there was an absolute decrease of 667 
cc. or 11 per cent m plasma volume and 060 cc or 7 6 per cent m whole blood 
The normal plasma reduction in 10 mmutes was noted as 80 cc There was 
hemoconcentration. There were rises of 6 per cent m hemoglobb concentration, 
0 5 per cent m hematocrit, and 14 per cent m plasma protem Stead and Ebert 
(1941) were unable to confirm the observation of abnormal filtration rate 
They found that pooling of blood in the abdomen alone did not produce a 
striking fall in blood pressure, nor was the poolmg m the extremitiea sufficient 
to account for the hypotension When the subject stood m water, there was no 
poolmg of abnormal amounts of fluid in the lower extremities Stead and 
Ebert concluded that the essential defect in the patient with orthostatic hypo- 
tension IS an abnormal response to the poolmg of normal quantities of blood 
durmg standmg, the definitive feature bemg an absence of vasoconstnetion in 
other parts of the body when the vascular bed m one part is dilated 
Corcoran, Brownmg and Pago (1942) behove that failuro of the renal pressor 
system may participate in some measure m the genesia of orthostatic hypoten 
sion They tilted a patient with jxistural hypotension assoemted with tachj 
cardia to 60 degrees and observed m addition to tho decrease in systolic pressure 
progressing to syncope a dimmution of renal blood flow Angiotonln was then 
administered greatly increasmg both tho blood pressure and renal blood flow, 
in contradistinction to the renal ischemia manifest m normal subjects under 
liko conditions Angiotomn is the effector agent of tho renal pressor sjetem. 
Under usual circumstances it excites renal arteriolar vasoconstnetion sufficiently 
to reduce renal blood flow Corcoran et al interpret their findmgs to mean 
that in tho type of orthostatic hypotension under observation tho normal 
autonomy of tho renal circulation iS lost. 

Tho subject of Corcoran, Browning and Page’s observations slept for two 
months m tho head up bed of Maolsinn and Allen (1940) This brought about 
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a progressn e delay m the onset of postural syncope Eventually, standing uhile 
doing bght work was tolerated mthout symptoms When the patient was now 
tilted to 60 degrees, syncope no longer occurred and there was an increase m 
renal blood flow over that origmallj’- observed The administration of angio- 
tomn V as follow ed by a pressor response with renal vasoconstrictor effects in- 
dicative of return to normal 

Sew all (1916, 1919) early tried the use of an abdominal support in the treat- 
ment of orthostatic vertigo As a w'hole, abdominal binders, tourniquets and 
bandages on the thighs have been wnthout sigmficant beneficial effect in the 
treatment of orthostatic hypotension (Baiker and Coleman, 1931, Ganshorn 
and Horton, 1934, Alvarez and Roth, 1935) Allen and Magee (1934) reported 
that thigh cuffs decreased the hypotension w'hen this could not be obviated by 
the use of an abdominal bmder Hughes and Yusaf (1935) report a case historj’^ 
in which relief was ob tamed by walking Allen and Magee (1934) descnbe a 
patient who discovered he could temporarilv avert sjmcope by voluntarily 
contractmg the muscles of his legs MacWilham (CroU, Duthie and Mac- 
William, 1935) beheves that both pulse rate and blood pressure adjustments in 
the standing postiue are influenced by afferent impulses from the low'er extrem- 
ities “apparent^ originating m some part of the vascular circuit m these lunbs ” 
When a patient wnth orthostatic hypotension was made to execute a series of 
slight, slow' movements, shiftmg the feet and progressmg by minute steps, there 
was a notable alleviation of the hypotension MacWilham concluded that it 
was not simply the erect posture per sc which explained orthostatic hypotension, 
but posture plus immobility of the lower extremities Laplace (1942) descnbed 
an atjqiical case in which hypotension could be abolished by mcreasmg the car- 
bon dioxide content of the inspued air or arrest of the circulation to the active 
muscles The rationale of the latter may be explained m terms of the blood 
pressure elevatmg reflex of Alam and Smirk (1937) ansmg from volimtary 
muscles 

Jeffers et al (1941) classified the types of postural hypotension and discussed 
their treatment Most success has been obtained through the use of the ^m- 
pathomimetic amines on the assumption that orthostatic hypotension is as- 
sociated wnth disturbance of the adrenergic portion of the autonomic nervous 
system The following drugs have been showm capable of amehorating the 
sj'mptoms ephednne sulphate (Weis, 1935), benzedrme (Korns and Randall, 
1937, Davis and Shumway-Davis, 1937, Brew'ster, 1940), and neosynephrme 
hydrochlonde (Capaccio and Donald, 1938) 

In 1940 MacLean and Allen described two cases of postural hypotension as- 
sociated wuth high heart rate to which they gave the term orthostatic tachy- 
cardia One occurred secondary to sympathectomy for essential hypertension 
and the other demonstrated a less abrupt fall m blood pressure than usual m 
individuals ivith orthostatic hypotension That these patients probably ex- 
hibited some of the cardmal characteristics of phj'siological orthostatic circula- 
tory msufficiency is indicated by MacLean and Allen’s conclusion that the 
defect w as not in arteriolar vasoconstriction but rather a failure m maintenance 
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of an adequate venous return This defect in the "potential” venous return 
lias diagnosed by the Flack test (Flack, 1923) which is essenballj a Valsalva 
effort, the obstruction to tbe inflow of blood from the venous cistern of Keith 
by a high intrathoracic pressure bemg sufficient to induce syncope dunng the 
test when combined ivith an already defective venous return Because the 
symptoms iiero worse upon arising in the mornmg than at the end of the day, 
MacLean and Allen postulated that something incidental to rccumbencj of the 
night was responsible for the recurrent loss of adaptation to the hydrostatic 
effect of gravity on the circulation With this m mind, they placed the patient 
in a head up bed The results nere storthngly good In 3 dal's one could 
stand for a half hour without syncope and m 4 days the other experienced no 
distress standing for one hour Both sliowed return of postural simcopc after 
one night in a flat bed. The mechanism of this unusual effect is jet to bo 
determined 

Fine and Miller (1940) describe a bltarro case of paroxj'Smal auricular tachy- 
cardia which occurred mvanablj in sitting or standing unless under quinidino 
or digitalis control It was explained by the assumption that a potential 
ectopic focus becomes activated in the erect posture ns a result of diminished 
vagal activ ity induced by the lessened blood flow to the head n hich influences 
the center both directlj and by unj of the carotid sinus In spite of the tachy- 
cardia, postural variations in blood pressure fell within normal limits Weiss 
has made an extensive study of tli6 carotid sinus reflex in health and disease 
Weiss and Baker (1933) observed that pressure on the carotid smus regularly 
brought on famtuig more quickly when the patient was standing than when 
recumbent The time interval between stimulation of the smus and the onset 
of fainting was measured repeatedly In vanous positions of the body It re- 
quired 30 sec to brmg on the attack with the head down and the feet elev ated 
to on angle of 30 degrees 10 sec in the horuontal and 8 5 sec w hilo standing 
The symptoms incidental to a hyperacnsitivo slate of the carotid sinus reflex 
almost always oocur when the patient is in the upright position and are relieved 
by his lying down when premomtory symptoms appear (Weiss ct al 1030) 

Akesson (1930) made an extensive study of changes wrought in the electro- 
cardiogram by the assumption of the vertical posture by indinduals without 
evidence of heart disease or intoxication Ho selected 40 cases each of the most 
hypersthenic and moat asthenic in habitus from a group of 200 normal defen-so 
workers There was mv’craion of the Ti or Ti wave or reduction in its amplitude 
m 31 per cent of the cases The more marked the grade of asthenia the greater 
the change in amplitude of the T w av e In contrast there was inversion of T, 
or T» in 09 per cent of 45 patients with a clinical dmgnoais of “orthostatic 
anemia,” Akesson concluded that the change in position of the heart in stand 
mg and hence in contact with adjacent conducting media could not be taken ns 
sufficient to explam the findings Perschmenn (1939) concurs m this T wave 
changes developed slowly in his subjccta who were maintained at a pa-ssivcly 
supported posture for prolonged jionods of time There was no evidence of 
hypoxemia of the heart muscle and no relation between the blood pn«8iiro in the 



244 


F A HELLBBRANDT AND ELIZABETH BROGDON FRANBEBN 


vertical posture and the electrocardiographic change There is general agree- 
ment that the typical electrocardiographic change due to shift m posture from 
the honzontal to the vertical is a flattening or mversion of a formerly positive 
T wave in leads 2 or 3 and this occurs especially m the young of asthemc habitus 
m whom there is vasomotor labihty (Schlomka and Remdell, 1936, Erkelens, 
1937, Hinnchs, 1937, Janzen, 1938, Sigler, 1938, Ylvisaker, 1940, Scherf and 
WeiBsberg, 1941, White et al , 1941) White et al believe the position of the 
heart is the most important factor m the production of the T wave mversion 
Mayerson and Davis (1942) suggest that the changes occurrmg beyond the im- 
mediate ones traceable to altered heart position are due pnmafily to mcreased 
sympathetic activity durmg the period of standing 

AdaptatKms for the 'prevention of orthostatic circulatory insufficiency The prob- 
lem of compensatory mechanisms for gravity collapse was first studied systemati- 
cally m the laboratory by Leonard Hill m 1895 In his classical experiments, 
rabbits, cats and dogs suffered marked impairment of the cerebral circulation 
when held m the vertical position The effect was exaggerated when splanchnic 
vasoconstnction was prevented Monkeys were better able to tolerate passive 
verticahiy than rabbits, cats or dogs, but also lost the power to do so -mth 
impairment of vasomotor function Vasoconstnction is considered by many 
the chief form of compensation which normally occurs m the erect posture, 
operating to prevent poohng of blood m the viscera and dependent limbs In 
man the diastolic pressure has been shoivn to nse durmg standmg This is a 
sign of mcreasmg vasomotor tone It is compensatory in nature until it en- 
croaches too far upon pulse pressure The reflexes ongmatmg m the vascular 
presso-receptors are responsible for this control For some people it seems 
that the carotid smus reflex is of less importance m the maintenance of blood 
pressure m the erect position that it is for others (Berry, Horton and MacLean, 
1940) 

There have been efforts to evaluate penpheral vasoconstnction as a factor 
of compensation m the erect and tilted posture, but the results are at vanance 
Roth et al (1938) found an mcrease m skm temperature of the toes m the erect 
position, m contrast to the report of Youmans et al (1935) that there occurred 
a prompt and significant fall m temperature Roth and her associates attnbuted 
the discrepancy to the fact that the subjects of the earher experiments were not 
in a basal condition However, Nielsen et al (1939) and Mayerson and Toth 
(1039) also report evidence of penpheral vasoconstnction with passive change 
of posture, confir min g the conclusions of Youmans Both made observations 
at high environmental temperatures Nielsen et al consider that the disturb- 
ance of the heat regulatory function due to vasoconstnction m the tilted position 
IS to a certam degree compensated by an mcrease m evaporation Mayerson 
and Toth also present evidence that reflex vasodilatation gives way to postural 
change With heatmg of the extremity, the postural effect was at first overcome 
until complete vasodilatation was achieved, at which point the postural change 
again became evident They found no significant differences between “famters” 
and “non-famters” m this respect, mdicatmg that syncope m some cases may be 
due to failure of compensatory mechanisms other than vasoconstnction 
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Attention also has recently been draivn to the venomotor svatem by Weiss, 
M'ilkms and Haynes (1037) and WiUans, Haynes and Weiaa (1937), in studies 
concerned with penpheml oirculatorv failure The administration of sodium 
mtrite induced an orthostatic collapse in healthj young adults who had ex 
penenccd no subjective sjmiptoms when the drug was given m the horuontal 
position Tho work demonstrates that elements of the vascular bod penpheral 
to the artenoles in the extremities, ns well as the abdominal vessels may act 
as regions for the pooling of blood m tho upright posture 

Cardiac acceleration is a umversal finding in the erect position. Hi ll (1896) 
considered this as a subsidiary compensation The mechanism of its production 
as well as that of v nsoconstnction has been olanfied m part with the description 
of vascular receptors sensitive to hiTMtension Dimmutions m carotid pressure, 
adequate to influence the cardiac reflex centers, have been shown by mtra 
artonal determinations to occur m human subjects tipped to the v ertical (Loman 
et b 1 1936) Amiissen, Christensen and Nielsen (1939) relate the nso in heart 
rate to volume changes of the extremities and the resultant decreased venous 
return of the vertical position They considered the change of heart rate as 
essential m tho adaptive mechanisms attemptmg to hold the blood pressure at 
lev els compatible with on adequate circulation Two summancs of their work 
mav be found in the English literature (lOogh 1939, Asmussen, Christensen 
and Nielsen 1940) The height to which tho heart rate rises in stnndmg may be 
considered in mv erse relation to the adequacy of other compensatory median 
isms and as such is ihcorporated mto postural tests of cuuulatorj fitness proposed 
bj Crompton (1913) ^hneider (1920) and Turner (1927b, 1929) In 1897 
Hill, Barnard and Soltau observed that when a man is m vigorous health the 
effect of gravity is compensated tor bj tho vasomotor mechanism and not by 
the heart, ItTien fatigued or neumsthemc, compensation occurs by viHue of 
an exaggerated Increase in heart rate 

Muscular contraction is dcarlj an mfluence of importance m the regulation 
of tho cuculation dunng exercise The pumping effect of rhythmic compres 
Sion and release of the capUlanes and valvcd veins is commonly recognued as 
dccisiv c in assuring tho venous return requisite for an augmented minute volume 
during intensive physical exertion HUl Barnard and Soltau (1897) noted m 
observations on healthj men, that venous tension might be grossly revealed 
ns rising while a limb was hdd dependent and immobile but that the condition 
of tho limb changed during activity of tho appendage Youmnns ot al (1936) 
show cd that active muscular movements are accompamed by less concentration 
and less nsc in colloid osmotic pressure of tho blood of the active extremity 
than the one kept motionless durmg the experiment Stead (1940) came to the 
condusion that everj one vnll oventuallj fomt if suspended Ibng enough without 
support He remarks that in death by crucifixion tho viotims were frequently 
tied to the cross, and the onset of collapse and sjmeopo was hastened b> tho 
giving of wmo wluch caused further relaxation of tho v ascular sj-stem 

Aside from eliminating muscular nctivotj through tho use of tilting boards 
for passive supjiort m vcrticalitv, little specific attention has been pmd expen- 
mentallj to tho slight but continual movement which is invariably present 
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i\hen the nomal biped stands and which may be a decisive factor m the mam- 
tenance of an adequate mmute volump m the erect posture Its efficacy should 
differ only m degree from the maximal squeezmg effect operative m sport and 
that minimal which is compatible with normality as represented b}’’ skeletal 
muscle tonus 

YandeU Henderson (1931) suggested, in an amplification of his veno-pressor 
concept, that the general tone of all the skeletal muscles as veil as the non- 
stnated is a factor of great importance m venous return In 1936, mth Oughter- 
son, Greenberg and Searle, he descnbed a method for measunng intramuscular 
pressure and produced evidence of its influence on the cuculation A method 
similar m principle was applied by Ma 3 '-erson and Burch (1940) to the study 
of penpheral pressiue changes in men supported at a 75 degree angle A con- 
siderable hydrostatic pressure is added to that in the veins of the mfenor ex- 
tremities m such a position Mclntue and Turner (1936) had found that the 
pressure m the veins of the foot was somewhat greater than the hydrostatic 
factor m healthy subjects who experienced no dizzmess m a tilt to 75 degrees 
In one subject who exhibited poor cuculatory adjustment the pressure m the 
veins was insufficient to overcome the hydrostatic factor Mayerson and Burch 
report an immediate and simultaneous nse m venous, subcutaneous and m- 
tramuscular pressure upon change m posture Subjects who did not develop 
syncope showed a secondary and usually more marked mcrease m intramuscular 
pressure dunng the upnght penod, an mcrease which was absent in those 
demonstratmg cuculatory embarrassment Increasmg tonus by musciilar con- 
traction eliminated all signs of syncope The experiments of Mateef and Petroff 
(1934) upon subjects with pathological loss of tone showed them to be partic- 
ularly susceptible to gravity shock unless protection was afforded by bandaging 
from sole to pelvis Theu subjects with pathologically high tone tolerated as 
much as 55 mmutes of standmg vnth comfort and only moderate mcreases m 
heart rate Such observations emphasize the importance of muscle tone in 
preventmg dilatation of the capiUanes and advancmg blood toward the heart 

Hooker m 1911 pomted out that muscular action capable of emptying veins 
may be due to mvoluntary contractions Many investigators have remarked 
smce upon its possible assistance to the cuculation Mateef and Petroff (1932) 
noted periods of labflity m the cardiovascular reactions to protracted standmg 
which they thought might be associated with insignificant body movements 
MacWilham (1933) has postulated that shght, repeated movements of the 
weight-beanng hmbs such as very slow progression with mmute steps, influence 
pulse rate adjustments to standmg through afferent impulses, but seems to ignore 
the mechamcal effect of such movements m aidmg venous return 

Looke (1937) remarked that m occupations earned on m the standmg posi- 
tion, the shght activity of the leg muscles suffices to restnet too seno^ an 
mcrease m leg volume Heflebrandt, Cngler and Kelso (1939) were able to 
demonstrate transient changes m mtramuscular pressure dunng normal com- 
fortable standmg They concluded that the rhythmic vanation of mtramuscular 
pressure was probably due to a shift m the mcidence of tension between different 
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antigmsTly groups during comfortable relaxed standing Hellebrandt and 
Hrogdon (1938) have compared the cardiovascular response during standing noth 
normal phj-siologioal siiay permitted or restncted by extnnsic supports Only 
ivhen postural sw av was unrestrained, could an hour of standing be tolerated 
\nthout marked acceleration of heart rate, diminution of pulse pressure and 
eventual syncope Postural so ay was also shown to be a factor of material 
benefit m combating the orthostatic hyperpnea of normal subjects (Franseen 
and Hellebrandt 1943) and to aorve as an adequate preventive of post-exeroiso 
gravitj shock (Brogdon and Hellebrandt, 1940) 

The architectural design of the human is not conducive to stabihtv A 
segmented structure, its center of gravit> is placed high above n relativelj small 
supporting base Postural sway is inseparable from the vertical stance of man 
This postural sway, autonomously controlled by the short cueuit myotatic re- 
6exes of the antigravity muscles, may be conceived of as playing a decisive rdle 
in the mnmtenance of an adequate venous rotum in a position ns disadvantageous 
to the cueulation as verticahtj The small bulk of the antigravitv muscles of 
the stable quadrupeds used in animal experunents can hardly be expected to 
play a very important part in the adjustment to vertical postures foreign to the 
species Other compensatory mechanisms must be for them relatively more 
important In man, however, the triceps surae, quadriceps femoris and the 
glutei represent an impressiv e share of the total muscle n eight Even partial 
BCtivitj of such a mass may n-ell supply motive power against gravity to a 
significant quantity of blood There is probably sufficient evidence to suggest 
that postural sway, aotmg as an accessory pump, is a more important oompen 
salon mechanism for the prevention of orthostatic curulatory collapse than 
has been generally recogniied Indeed, without it, adequate venous return is 
difficult to maintam even m the healthy when the vertical stance must be siis- 
tamed for protracted periods of time 

SOMUART 

The evolution of the biped stance has been marked by a narrowmg of the base 
of support and a progressive elevation of the center of gravdty of the body as a 
uhole Both rmtigate against stability The vertical posture also imposes an 
hydrostatic handicap which encroaches enough on the adequacy of the circu 
lation to make man m the upright stance vulnerable to peripheral circulatoiy 
collapse The numerous difficulties seemm^ attributable to tbo change from 
quadruped to biped standing are interpreted by some as signs of extreme m- 
adequacy of adaptation Honover, compensatory mechanisms automatically 
cancel the apparent mechanical disadvantages of the change so that gravita 
tional stresses are counteracted easily m the rnajonty of normal men 

Posture has been studied by a vancty of graphic and nuracncal methods 
which penalize angular deviationB from strict vcrticality The common atti 
tudmal anomuhes are widely conceded to encroach sufficiently on body cavnlies 
to Impair v isceral functioning They arc frequently associated with an augmen- 
tation of gravitational rotatory stresses which are assumed to necessitate ox- 



248 


F A HELLEBRANDT AND ELIZABETH BROGDON FRANBEEN 


haustive muscular contraction for adequate equilibration Neither view is sup- 
ported by convmcmg experimental evidence 

The steadiness of standmg is affected httle by mechanical factors m build 
Although the center of gravity of the body as a whole shifts mcessantly durmg 
relaxed and effortless standmg, the patterns formed by a trajectory of the shifting 
center of weight and the mean position of the vertical projection of this theoreti- 
cal pomt are relatively constant The phenomenon of standmg is elaborately 
protected by a multiphcity of co-operatmg reflexes Pnmitive automatisms 
present m the quadruped may also be observed m neonatal infancy, after which 
they are submerged by phylogenetically newer controls that are capable of 
bemg lifted by disease 

Gravity is the major defonrung force affectmg man’s stance, and postural 
sway a constantly varymg stimulus to the stretch afferents In this way tonus 
IS automatically adapted to the collapsmg forces which must be equilibrated 
by the antigravity extensor muscles The final common path through which 
penpheral control of standmg is mediated is also subject to an inhibitory modu- 
lation by way of motor and premotor corticofugal and cerebellar paths, to excita- 
tory regulation by the vestibular nuclei, and to less well defined mfluences 
emanatmg bilaterally from the red nucleus and the corpus stnatum 

Standmg is cheap m terms of metabohc cost and it has yet to be demonstrated 
unequivocally that improvement m so-called body mechanics is associated with a 
significant decrease in enei^gy exchange The remarkable mdefatigabflity of 
relaxed standmg has not been fully explained The sensation of fatigue un- 
deniably associated with prolonged standmg is probablv the resultant of more 
or less acute hypoxemia of higher centers which exercise a controlhng influence 
over muscle tonus and cardiovascular respiratory medhanisms The hydro- 
static oppostion to venous return, loss of flmd mto the tissue spaces of dependent 
parts, reduced velocity of blood flow and dunmution m cardiac output act as 
multiple stimuh to a variety of compensatory mechanisms the objective of 
which IS to offset the disparity between the size of the vascular bed durmg 
standmg and the volume flow The relative importance of vasoconstriction, 
cardiac acceleration, augmentation of respiration, skeletal muscle tone, and 
insensible contraction, to the mamtenance of an adequate circulation durmg 
standmg m man, has not been determmed Self-regulatmg mvoluntary postural 
sway may occupy a position in the pnmarj’^ Ime of defense by virtue of mechani- 
cal effects and reflex mfluences upon the vital centers located in the medulla 
Most of the compensatoiy mechanisms have been studied under conditions of 
graded gravitational stress, immediately after postural change, and durmg 
standmg prolonged to the pomt of orthostatic circulatorj" collapse Gravity 
shock IS aggravated by previous exercise and lugh environmental temperatures, 
both of which augment the disparity between the volume capacity of the i ascular 
bed and the volume blood flow 

Orthostatic hypotension, tachycardia, albummuna, ohguna, flattenmg or 
mversion of the electrocardiographic T wave, depression of the motor and 
secretoty functions of the stomach, and dysmenorrhea have all been attnbuted 
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to the vertical etance Failures in adaptation are occasionally so acute as to 
give nse to sjTidromes of pathological significance, but it has yet to be demon- 
strated that when these occur posture plan’s a decisive ebologic rAle 
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NON-CALORIC FUNCTIONS OF DIETARY FATS* 

GEORGE 0 BURR and RICHARD H BARNES 
Division of Physiological Chemistry, University of Minnesota, Minneapolis 

Although it IS well known that dietary fats can be largely replaced by carbohy- 
drates without any immediate and stnkmg ill effects upon expenmental ammals, 
a sudden decrease m the fat content of human diets brings complamts from work- 
ers that they are unable to do as much work and their appetites are not satisfied 
Starling (177) stated in 1918 that the people lost weight rather than eat more of 
the high carbohydrate diet made necessary by the war-time shoitage of fats 
Nom, a new generation is faced with the same problems of fat-ratiomng and it 
seems desirable to reconsider the value of fat in the diet m the light of recent m- 
vestigations The excellent review by Anderson and Wilhams (3) m this journal 
five years ago makes it unnecessary to go over the whole field agam The funda- 
mental ideas about fat metabohsm are essentially unchanged and it is the object 
of this paper to bnng the subject up to date, citmg the new data which confirm or 
deny current theones The average Amencan consumes about one hundred 
pounds of fat annually, denving therefrom approximately one-third of his total 
calones This is a result of natural selection of foods according to appetite and 
may be considered normal Our most concentrated energy source, fats, can sup- 
ply the needs for the heaiiest work without undue bulk 
Expenence shows that the groivth and reproductive performance of animals 
18 modified by the consumption of dietary fats, which differ among themselves 
m their effects Smee all natural fats are glycendes of fatty acids any observed 
differences must be attnbuted to 1, the acids themselves, 2, the glycendes, or 
3, substances which are associated with the glycendes as impunties or as a part 
of the lipid molecule itself Those properties of the fatty acids, glycendes and 
known impunties which may conceivably account for the demonstrated effects 
of fats will now be considered 

Digestibility It goes without saymg that a food can only be as efficient as it 
is digestible and m this respect the average fat ranks high Many expenments 
with man and laboratory animals have shown digestibdity coefficients of over 97 
per cent It should be noted that figures m the literature are not always obtamed 
by the same method of calculation In some cases the values are not corrected 
for endogenous fat (the fecal fat of controls on fat-free diet) 

Some factors which affect digestibdity are 1, species of animal , 2, health of the 
animal, 3, amount of fat m the diet, and 4, meltmg pomt and composition of the 
fat Method of feedmg, presence of roughage and other variables, excepting 
high calcium, seem to have httle effect on the results The present discussion is 
hmited to digestibihty m its usual sense Factors affectmg rates of absorption 
and theones of transport across tissues have been recently reviewed by Frazer 
(68) and by the authors (26) 

1 Assistance in the preparation of these materials was furnished by the personnel of Work 
Projects Admimstration, Official Project no 165-1-71-124, Subproject no 382 
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MoCay and Paul (135) have shonTi that the guinea pig la much less able than 
the rat, rabbit or sheep to utUlio hard fata The rat compares favorably with 
the human being m this respect and by data obtamod on the rat the usefulness of 
a fat to man may bo judged 

The health of the subject is essential to utilisation of fat, or other foods Ob 
straction of the bile duct has the most striking effcota on fat absorption but other 
factors affect the retention of fat to a marked degree Many people are sensitu o 
to fats, which must, therefore, bo limited m the diet Premature infanta and 
twins have difficulty m absorbmg fats, especially the more saturated ones (186) 
Langworthy (108) pointed out that a number of fata, particularly beef suet and 
cocoa butter, exerted laxatn o effects on tho subjocls (human) if fed at high lo\ els 
GuUickson, Fontaine and Fitch (77) found that jmung calves suffer severe scours 
when certam hquld oils are homogomiod Into a sldm milk diet These laxative 
effects were not noticeable if the amount of fat was kept small Langworthj 's 
subjects wore able to consurae as much os 110 to 130 grams per daj with no laxa 
tivo effects The rat tolerates fats exlremelj well as shown by the experiments 
of Hoagland and Bmdcr (91) m which digestibilities were about the same in diets 
contammg 6 and 65 per cent of fat 

Of all the factors affecting digestibility hardness or melting pomt has recciv od 
the most attention There is a pomt above which fats are so poorly utihxod that 
they are not only lost aa food but also exert dclotcnous cffccta upon the animal 
Instead of tho 07 per cent digestibility of liquid oils and soft fats tho utilirafion 
of harder fats, either natural or synthetic, is hkclj to fall gradually aa melting 
points rise above body temperature, until at SO'C only 00 jxir cent retention by 
man may bo expeotod With strictly comparable triglj ccndcs tho effect of melt 
ing pomt can be stnkmgly demonstrated with rats. For example, Evans and 
Lopkovsky (64) found the following digestibilities m per cent for palmitm (m p 
68^°C ), mynstin (m p 63-64°C ), laurm (m p 43°C ), caprm (m p 26-26°C ), 
and capryhn (m p 7-8°C ), respectivulj 73 4, 01 0, 00, 90^ and 97 6 It will 
bo scon that an imjxirtant loss m dlgesllbllity has occurred at a melting pomt of 
63°C In an attempt to correlate digestibility with tho moltmg fiointn of mixed 
fata Hoagland and Smder (92) studied a group of lards, hydrogenated vegetable 
shortenings and shortonmgs made of mixed animal and vegetable fats In the 
range from 39'C to 66°C no correlation was found botwnen tho percentage 
utillxation and tho melting pomt, or amount of total saturated acids in tho fats 
There were, however, largo differences in digestibilities aa shown by tho following 
data av emgc for lards 94 per cent, average for hy drogenated vegetable shorten 
mgs 87 6 per cent, and av erago for vugetable and animal shortenings 86 0 per 
cent. These are significant differences for which an explanation may bo found 
in some of the following facts The excreted fatty adds are of very low iodine 
number, showing a scleotivo excretion of tho saturated acids which must, there- 
fore, to a considemble extent affect digestibility Holt and co-workers (96) were 
able to predict tho digestibility of fats by infants by assuming the following per 
centage retention of the fattv acids Unsaturated, 98 short cham saturated, 90, 
palmitic, 88, steane, CO, and saturated acids longer than stearic, 40 Barbour (8) 
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found the arachidic acid (m p 76°C ) of peanut oil almost wholly excreted m the 
feces along with appreciable amounts of steanc and palmitic acids Hence di- 
gestibihty depends more upon the amounts of longer cham saturated acids than 
upon the total saturated acids Hydrogenation may have produced steanc acid 
without mcreasmg the total saturated acids beyond the value for the lards, which 
are much ncher m the more readily absorbed palmitic acid 

One other pomt is of mterest here The same acid m compounds of different 
meltmg pomts will be absorbed to different degrees as shoivn by the ready utiliza- 
tion by rats of ethylstearate (m p 30-3 1°C ) as compared mth stearm (m p 
71— 72°C ) (64) However, there are numerous reports of poorer utilization by 
other animals of ethyl esters as compared with the glycendes (96) The melt- 
mg pomt of a mixed fat is not a good cntenon of its composition A difference of 
several degrees m meltmg pomts of glycendes arises from a shift of a fatty acid 
from the a to the ;8-position (41) The decrease m tn vitro hydrolysis by pan- 
creatic lipase of hydrogenated fats of mcreasmg meltmg pomts correlates well 
with the observed fall m digestibility (186) 

It IS evident from the cited data that the hardness of fats and their content of 
long cham saturated acids exert a matenal effect upon their food value Meltmg 
pomt, as determmed by the official methods, is not an exact mdicator of digesti- 
bihty of mixed fats, although m a broad sense its effects are evident If for no 
other reason, it is a mistake to hydrogenate fats so completely that their digesti- 
bilities are matenally affected 

Mobilization and utilization of the fatty acids It has long been knowm that 
dietary fats are deposited m body tissues, milk, and eggs This occurs so exten- 
sively that it can hardly be said that any fat is charactenstic of a species, unless 
it be that synthesized from non-fat precursors ivhich McAmis, Anderson and 
Mendel called “physiological” or “synthetic” fat (133) The appearance of 
dietary fat m milk was demonstrated by Stohmann m 1869 (180), m body fat by 
Lebedeff m 1882 (112), m the fetus by Thiemich m 1905 (184), and m eggs by 
Hennques and Hansen (84) m 1903 The many recent papers, by fumishmg 
more detailed mformation about this phenomenon, have shoivn that the results 
obtamed depend upon 1, the body tissue or fluid analyzed, 2, the species of ani- 
mal, 3, the kmd of fatty acids used, and 4, the method of conductmg the experi- 
ment The sum of the evidence from these “taggmg” experiments demonstrates 
the lability and rapid turnover of tissue lipids, a result confirmed and extended 
by the very recent use of isotopes and isomers 

The method of ex-penmentation may largely control the absolute results 
Starvation followed by refeedmg brmgs about the most rapid change m body fats 
High levels of fat m the diet produce m a short time the same result as low levels 
fed over a longer period Some tissues are much more affected than others 
Blood and hver hpids reflect almost immediately a change m dietary fat More 
slowly the adipose tissue may change several fold m iodine number while the 
bram is exceptionally constant m its fatty acid content (171) (170), a stabihty 
possibly related to the inability of nerxmus tissue to bum fat or acetone bodies 
Although phosphohpids may reach a high degree of unsaturation, their percentage 
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chfLnge m iodmo number is not equal to that which may bo mduced in the simple 
gljcendes (108) Dietary fats produce changes m egg (30) (130) and millc (80) 
lipids which do not closely parallel tho changes m depot fat (103) (03) This 
selective utihiation of fatty acids vanes so much wdth the species that it may be 
considered a "species charactonstic” Certamlj it plavs a largo part in fixing 
the composition of the body hpids of tho difforont animals on their natural diets 
The pig, rat and chicken are very responsive to dietary fats, their body hpids 
bomg changed profoundly by the diet (117) (64) (2) (30) without apparent ofTects 
upon their metabolism or well being In contrast, tlio body fat of beef and 
sheep (OO) remam fairly constant in composition regardless of diet 
In those anunala which respond to dietary fats a high degreo of selection of 
mdmdual fatty acids takes place, some being excluded from the tissues while 
others are preferentially held This preference for certain acids is based upon 
properties associated with chain length (molecular weight), unsaturation, or 
meltmg point It is not essential that the fatty acid bo one usually found m diets 
or that it be the naturally occurring isomer Erucic acid, an uncommon member 
of tho oleic sonee, was found by Munk (140) to be deposited m tho body fat of 
dogs McConnell and Slnclnir (137) were able to mtroduce mto the lecithin and 
ccphalm of tho rat nearly thirty per cent of olaidic acid, tho high meltmg trans 
isomer of oleio, which Barbour (7) had already showm to bo readily stored in tho 
whole body fat (0 2 per cent) and utihted m staryation like other acids m his 
study of the nutritive value of hydrogenated shortenmga The eleostcario acids 
(conjugated isomers of Imolonic) are readily incorporated into tissue lipids of tho 
rat (143) and hen (40) and secreted unchanged m the milk of the con (07) Tlie 
conjugated isomers of Imoleic acid (142) and brommated acids (4) are other iin 
natural forms which react m tho body enough like the natural ones to make them 
useful as tracers, a subject recently reviewed by Bloor (14) and Chaikoff (33) 
Smeo butter fat and coconut od are among the best food fats it is obvious that 
the low molecular weight acids are readily utiliicd when taken as a part of a 
mixed diet However, a high degree of selectinty is shown by animals m their 
utilisation of fatty aads of different chmn length In 1882 Lobedeff (112) 
showed that neither butter nor tnbutynn in the diet increased tho volatile acids 
of the body fat of the dog Since that time much work Ima been done to estab- 
lish tho fact that fatty acids with less than 10 carlions an, not deposited in more 
than traces m rat body fat (61,60 42,154,163,37,08,34,100,118,114) Avery 
sliarp break occurs at this molecular weight, the records showing only traces of 
caprylic (154), 16 per cent of capnc and 26 to 32 per cent of Inline (153) (114) 
acids in body fats of animals fed m comparable ways These v cry short acids 
must bo immediately degraded (100) or synthcsiied into tho longer acids and 
stored There is considerable ondenco for some synthesis and deposition of the 
higher saturated acids by addition of twoor more carbons (61) (154) (100) Thus 
the low molecular weight acids may affect tho body composition without them 
selves bemg deposited Immediate degradation of tho major portion of these 
acids has been demonstrated by the use of tho deutero-compounds (100) as 
well ns by their ketogenic action even when the liver is rich in glycogen (121) A 
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marked nse m blood acetone bodies follows mgestion of the low^er fatty acids 
(Cl to Cio) but not the higher (Cu to Cis) Another mterestmg observation is 
that caproic and butyric acids do not prevent the nse of blood sugar and the loss 
of galactose from the urme of rats on a skim milk diet while the higher fatty acids 
and many common oils brmg about the normal utilization of galactose (165) 

Body fats of higher animals made by synthesis from carbohydrate andprotem 
are comprised chiefly of oleic, palmitic and steanc acids Usually about 95 per 
cent of the acids have 16 or 18 carbons (54) (88) (116) The strong tendency for 
the mamtenance of this high percentage of these tw o groups is well demonstrated 
by the ivork of Hilditch and Longenecker (87) m which the body fat of milk-fed 
rats IS compared ivith the milk fat Of 22 8 molar per cent of C4 to Cu acids m 
the butter only 1 4 molar per cent was found m the body fat There w'as a good 
storage of mynstic acid By a forced feedmg of large percentages of the 10 and 
12 carbon acids it is possible to have them deposited m quantity and upon star- 
vation they are readily utilized In fact Longenecker (114) finds a greater rate 
of loss of launc than other acids from depot fats very nch m it This might be 
mterpreted as selective utilization but, as he pomts out, it may be determmed by 
the glycende structure There is very little evidence for much selective use of 
the ordinary depot fatty acids on stan^ation of pigs, rats, sheep and other animals 
although small differences have been regularly observed (89) (90) (115) As 
Hilditch and co-workers pomt out, the general distribution of the fatty acids in 
mixed glycerides militates against use of a single acid if it be assumed that the 
whole glycende must be utihzed as a umt 

Unsaturation of a fatty acid exerts a marked effect upon its deposition The 
higher animal, which is mcapable of synthesizing more than traces of the highly 
unsaturated acids, except arachidomc, may preferentially retain a large propor- 
tion of those present m the diet (53) (2) Much of the linoleic acid of the feed is 
retamed m the body of the pig (53) This acid is considered largely responsible 
for the softemng of lards When 60 per cent of the calories of the diet come from 
fat the lodme number of the body fat of rats follows closely that of highly unsat- 
urated oils (2) When more saturated fats, lard and Cnsco are fed there is a se- 
lective retention of the unsaturated acids which makes the body fat more un- 
saturated than the dietary fat Exceptional m its effects is cottonseed oil 
w'hich, upon mclusion m the diet, raises the meltmg pomt of hog lard (65) and 
of cow's milk fat (49) 

The very highly unsaturated acids of fish oils are avidly held by certam tissues, 
a property which probably led to the theory of desaturation (167, 169, 168, 86) 
The phosphohpids, especially sensitive to these acids, wnU show a marked change 
m fatty acid content with the mclusion of only a trace (50 mgm per day) of cod 
liver oil m the diet of the rat (168) The change takes place qmckly, bemg com- 
plete withm 10 to 16 days (169) Their affimty for unsaturated acids is so great 
that phospholipids pick them up from coconut oil or butter diets which markedly 
lower the lodme number of the neutral glycerides (167) Lmolemc acid does not 
seem to be so readily dejmsited m the rat (167), nor is it secreted in appreciable 
amounts by the mammary gland of the cow w hich does transfer much of the fish 
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oil acids into tho butter (86) It is, however, readilj deposited m egg j oik ns are 
tho acids from sperm oil (39) (40) In general, saturated acids m tho diet do not 
so markedly affect the composition of body fats, eggs or milk Barbour (8) con 
eluded that, possibly duo to limits of digestibility, tho saturated acids of rat body 
fata cannot be raised aboiTi tho “normal" of about 26 per cent Cruickshank (39) 
also found relatively httlo effect of mgested saturated acids on egg fat It seems 
that this rule should be apphed only to Uio longer cham acids )Vhen butter, 
coconut oU or the Cn or On acids themselves are fed the effects are \ ery definite 
Fasted rats, fed a diet rich in coconut oil, may deposit ns much as 72 5 molarper 
cent of saturated acids m the depot fat (118) 

In addition to being deposited or immediately ondiied, mgested fatty acids 
may be saturated (hydrogenated), (143) (40) (119) (IGC), desaturated, partially 
degraded to normal acids with (ewer carbons (80) (114) or lengthened to a higher 
molecular weight (61) All of these changes, postulated from analytical data, 
hai e been given direct proof by the use of dcutenum Desaturation of stcano 
and palmitic acids to oleic and palmitoleic, respectively, has been demonstrated 
but linoleio and Imolenio are not formed m this way by the ammnl Nor do they 
take up dcutenum from the heavy water of body flmds, proof that they are not 
synthesized by the rat or mouse but must be donved from the diet 

The eestnltal fatly acidt This subject recently renewed m great detail by 
one of us (24), mil be treated more bnofly hero and brortght up to date by tho 
addition of some now references To quote from that ronou "Tho term ossen 
tial fatty acids was introduced m 1930 (29) and since that timo has been used 
rithor loosely to designate a group of unsaturatod acids which will bnng about a 
renewal of groivth of rats which have reached a plateau on a low fat diet Stnctly 
speakmg only one of these is essential If linolelc add is added to tho deficient 
diet, growth will bo renewed" 

A large number of punfied fatty acids have been tested m this way In different 
laboratones and it has been demonstrated that they differ in their effects upon 
tho animal Exclusion of fat from the diet leads to 1, development of scaly skm 
and caudal necrosis, 2, retardation of growth, 3, kidney lesions and hematunn, 
end 4, early death Males become sterile and females produce poor litters and 
fail m lactation High respiratory quotients high metalwlic rates and high 
water consumption have been obsen cd and histological changes m various tissues 
desenbed 

Of tho above effects growth response and skm cure seem to Ixi tho Ixst measures 
of effectiveness of oils and fatty acids In some instances (02) (187) tho skin is 
only imldly affected but this is probably duo to unusually high humidity in the 
colony (24) Tho effects upon the oestrus cycle are irregular (187) and m young 
animals may not show up at all (150) Those acids which liavo been reported to 
have some curative effect upon fat deficient rata are linolcic, Imolenio, arachi 
dome, decosaheitenoio and hexahydroxystearic In addition, hnoleyl alcohol is 
useful All other fatty acids and isomers of tho aboic compounds hare been 
reported negati\-o 

Lmolelc, arachidomc and linolcnlc acids arc the only ones which ha\e been 
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extensively ivorked with Quantitative comparisons of their growth effects, 
made m different laboratones, are not m close agreement but it is clear that 
hnoleic and arachidomc are much alike while Imolemc is infenor This acid pro- 
duces some growth but does not cure the skm, reduce water consumption to nor- 
mal or improve lactation (24) (156) Decosahexenoic acid and the mixed esters 
of cod liver oil react m a similar way and it can be said that hnoleic and arachi- 
domc acids are highly specific m their effects upon the skm 
The rat is the only species studied suflSciently to establish the daily requirement 
for Imoleic acid Prophylactic doses of 20 mgm gave optimum growth m yoimg 
rats (128) (28) , 23 mgm gave good growth and reproduction (124), but for opti- 
mum lactation 100 mgm is recommended by Quackenbush, Kiimmerow and 
Steenbock (156) because the performance of their rats was superior to that re- 
ported by earlier workers In curative expenmente the higher levels of 50 to 
100 mgm daily seem distmctly supenor (187) (27) (30) and it must be concluded 
that the low'er requirements for early growth of young well-fed rats (92) is due 
to the stored hnoleic acid w'hich is limited by the diet of the mothers (25) (158) 
(157) This effect is so pronounced that the average longevity of rats on a fat 
deficient diet may be mcreased from 4 months to 14 months by changmg the 
mothers from coconut oil to com oil (25) Also, the lodme number of the carcass 
fats of weanlmgs may be reduced from 134 to 94 (158) by changmg the moth- 
ers from stock diet to a’ diet made of potato meal, casern and salts 
Very few experiments have been done on the essential fatty acid requirement 
of other species The goat, cow, chicken and pig have been kept for short periods 
on diets low m fat without the development of outward signs of the deficiency 
However, the mouse responds to a lack of hnoleic acid (193) very much as the lat 
does except that m combmed pyndoxme and hnoleic acid deficiency it declmes 
and dies before developmg either scaly skm or acrodyma (67) When reared on 
a simplified low fat diet similar to that used for an experiment with man (21) 
dogs develop scaly skm which is curable with fats (81) The lodme number of 
the blood hpids drops about 25 per cent and rises as the cure takes place 
Little IS knonm about the requirements of man for unsaturated fatty acids 
Two infants mamtamed by Von Groer on a diet very low m fat grew fairly well 
but one developed a generahzed eczema (189) Of three infants kept on a fat- 
free diet by Holt and co-workers (96) one developed an eczema which wrs cured 
by feedmg fat In two mfants mamtamed at the University of Minnesota Hos- 
pital for 10 weeks on a diet extremely low m fat there was a moderate decrease m 
the lodme number of the serum lipids An adult human subject mamtamed for 
six months on a diet which produces typical fat deficiency symptoms m rats felt 
no lU effects but he lost weight, suffered a change m respiratory metabolism and 
a marked fall m the arachidomc and Imoleic acid content of the serum lipids (21) 
The above effects parallel closely the changes m rats suffermg Imoleic acid de- 
ficiency A distmct fall m blood lodme numbers accompames the development 
of scaly skm (80) Assummg an analogy between rat scab’^ skm and simple 
infantile eczema Hansen and co-w'orkers (79) began a study of eczematous hu- 
man subjects, m whom they have found a distmctly lower blood content of 
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araohidonio and Imoleic acids (20) In inlants with uncomplicated eoiema the 
average fail in serum lipid iodine number is about 25 per cent (79) When com 
oil, lard or other unsatumted fata are fed most of the eetemas are cured or greatly 
alleviated About 60 per cent of hoapitaliicd adult patients mth subnormal 
serum fatty acid lodme numbers showed distinct improvement of their skm when 
treated with lard by Fmnerud, Koaler and Wiese (00) Although the results 
with human subjects are not ns uniform as with c-tperiraontal animals under 
controlled conditions, it seems clear that many people are receiving less than 
their optimal requirement of Imoleio acid From a sun oy of the national dietary 
it has been estimated that Imoloic acid constitutes about one per cent of the 
average American food It la likely that many people consume less than this 
amount, which has been suggested by some as the requirement for rats It is not 
surpnsmg, therefore, that there are mdividuala who, because of low intake or 
abnormally high requirement, respond to additional unsatumted fatty acids in 
their diet 

That the moat marked human response should be m the skm falls in hno wth 
the view that linoloio acid is highly speoiflc for that tissue The first symptom 
of its defieianoy is scales on the feet of young rats which may apficar withm 10 
days and before groivth has been measurably affected The tlilckcr and more 
differentiated akin of fat-deficicnt rats has been recently desenbed by camera 
lueida drawings (195) Possibly the meet striking effect of hnolcio acid on the 
skm IS produced by a combmed deficiency of pyndoxino and fats Sot ore aero 
dynm is produced which can be completely eliminated bj the fcedmg of Imoleic 
acid Wien fed at sub-optimal levels pantotheme acid and Imoleic acid supple- 
ment cacli other but only Imoleic aoid can alone cure all skm symptoms (169) 
In an attempt to explam these mter relations the bodj hpids of the rats used in 
the above experiments were analysed (168) Some differences wore found in the 
fat content and iodine numbers of the groups but there is no evidence that pyri 
dosme or other B factors brmg about a sjuithesis of Imoleic acid 

The ready mobihiation of the unsatumted fatty acids is shown bj the work of 
Smedley MacLean, Hume and Nunn (176) (174) (176) who find that the arachi 
dome acid of subcutaneous tissue is rapidly mo\ed to the growmg liier and 
developing tumors Tumor growth was not retarded by limiting the mtakc of 
unsatumted acids 

A now specific function of Imoleic has been described by Engel (60) With 
synthetic vitamin supplements and a fat-free diet, choline had its optimum 
lipotropic effect only when inositol, pyndoxino and Imoleic acid were all present 
One-tenth milliliter of com oil daily reduced the liver fat to lialf in one expen 
raont. The author postulates a mutual influence of these factors in the mobill 
ration of fat, although it is known that Imoleic acid deficiency docs not materially 
decrease the rate of mcorporation of labeled fatty acids into h\ cr phosphohpids (9) 

The relaiionahip between dietary fats and other nutnenis Fata markedly affect 
the availability and utilisation of n number of dietary csscntiab It Is difficult 
to eialuato the importance m human nutntion of these effects which arc readily 
demonstrated with laboratory anunals In certain cases, jiarticularly when oxi 
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dized or rancid fats come mto mtimate contact with other foods either m the 
dietary mixture or m the mtestinal tract, the relationship of fats to other nutn- 
ents assumes an mcreased significance In the foUowmg discussion an attempt 
has been made to bnng together some of the pertment information on the effects 
that both fresh and rancid fats have on other dietary substances 

V'liamin A It has long been recogmzed that different fats have a profound 
effect upon the biological efficacy of vitamm A and its precursor, carotene Only 
one year before Moore’s (144) discovery that carotene is converted mto vitamm 
A m the animal body, Duhere, Morton and Drummond (46) found that carotene 
which was dissolved m ethyl oleate was biologically inactive and reported that 
carotene did not exhibit vitamm A activity Even before this time it had been 
observed that vitamm A was poorly utihzed when admmistered m min eral oil 
(46, 31, 140) and followmg this that the utilization of carotene was even more 
affected (47) Natural fats were shown to have varymg effects upon carotene 
utihzation and m 1935 the Medical Research Councd concluded that m vitamm 
A assays the standard /3 carotene was more efficacious if dissolved and admm- 
istered m coconut oil or certam samples of arachis oil than when given m olive oil, 
hardened cottonseed od, ethyl laurate, or hquid paraffin (139, 109) 

It IS probable that at least two separate factors are responsible for the diverse 
effects of fats on vitamm A and carotene utilization These are 1, absorption, 
and 2, oxidative destruction Largely through the ivell knoivn work of Drum- 
mond, Bell and Pahner (44), and Greaves and Schmidt (75), it is now knoivn that 
to some extent both carotene and vitamm A follow the general pathway of fat 
absorption Furthermore it has been shown by Ahmad (1) and Mulder and 
Kelly (145) among others that dietary fat is necessary for the normal absorption 
of vitamm A and that with amounts up to at least 10 per cent of the total iveight 
of the diet, the apparent absorption of the vitamm mcreases 

It IS probable that the loss of biological potency, apparent when the vitamm 
or its precursor is admmistered m vanous natural fats, is largely due to oxidative 
destruction before absorption takes place This oxidation might be brought 
about by simple diffusion of atmospheric oxygen through a solvent which m itself 
neither accelerates nor inhi bits the reaction However, the formation of pro- 
oxidants which mcrease the rate of carotene destruction is of more senous conse- 
quence Baumann and Steenbock (11) found that carotene dissolved m ether, 
'chloroform, cyclohexane, acetone, carbon disulfide, toluene and p 3 rndme, and 
kept at 4°C was more than 75 per cent destroyed m 6 months while other solvents 
such as benzene and petroleum ether were less destructive Ether, the solvent 
which caused the greatest loss, readily becomes contaminated with peroxides 
In the above study, hydroqumone effectively reduced carotene destruction m 
all of the orgamc solvents that were employed In 1931 Olcovitch and Mattfil 
(148) came to the conclusion that the stabihty of carotene m solution is depend- 
ent upon the nature and the amount of antioxidant present The importance 
of antioxidants was further stressed by ShreTS'sbury and KraybiU (173) who found 
that if butter fat was treated with charcoal the vitamm A and carotene, together 
vith natural antioxidants, were destroyed and furthermore that if carotene was 
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added to this charcoal treated butter fat and umnediatelj- fed to laU an apvreo- 
able part of its potency was lost K hydroqumonc rras also added, the care,ete 
was protected agamst m mlro oiadatlon but it still kut a part of'rta hxic/Osti 
activity (106) A number of results have been published on th* bmlogica] po 
fenej of carotene dissolved in different feta and m many of these no comdatim 
between in pilro ondation and biological potency could be observed Shermm 
(172) clarihed some of the discrepancies In earlier publications by showing tW 
there arc real differences in vitarain A potency dependent upon the fat in wbitf 
it is admmistered, but that this effect is observed to a noticeable evtent oolref * 
the basal diet is fat-free except for the essential fatty aads ^ ^ 


Another demonstration of the influence of antioxidants on vitanlia A oy 
was recently presented by Hickman, Hams, and Woodsida (86) who 
U 8 P vitamm A assaj method with olive oil as the specified 
the basal diet and studied the effect of added vitamm E (molecular dirfiv ^ 
tabling 40 per cent mixed tocophorola) on the growth response to fued 
of three different forma of vitamm A (crystalhne alcohol, a erwUn" 
and mixed carotenes) With all thtro substances the addition 
vitamm E markedly Increased growth In the case of carotene a 
vitamin that was insufficient to support life if given alone, 
when fed with sufficient vitamin E 


It was observed that the tocopherols were effective onJyffadiBfc 
taneously with the vitamm preparations This would fadujj, 
tooted the vitamin A from oxiiitive destruction whfl- 
Baumann, Rnsmg and Steenbook (10) showed that j 
concentrate dissolved m cottonseed oU was adnunistered k 
storage of vitamm A m the liver took place to a largo eitca 
losses duo to destruction m the mtestinal tract were large 
losses were small so that faulty absorption could not 
mtcstmal loss If intestinal destruction of vitamin A is bfj.. J* 
by vitamin E, hydroqumonc which is a much more pole- * ^ 
ntamm E might bo expected to have a greater effect -sr'u 

Kraybm and Shrewsbury (100) and Quackenbush, Cox 
this is not the case The latter mvestigators usmg both » jj. 
oil and a-tocophcrol together with carotene dissolved m etty ^ 

V alue «■ 0) hav o come to the conclusion that hydroqmnons,!,,^'' 

compound, IS extracted from caroteno solutions m tho mtest;-^ ' "*7!- t 

fore cannot exert any antioxidant action at this alto Oa p, i 

copherol bemg fat soluble remains with the carotene and 3 ^,, 

tion dunng its passage through the mtealmal tract **■> 

With the deirelopment of rancidity tn vUro, natural aatVj^ '■“d 

and carotene and v Itamm A arc destrojed Tlie substaa^^ ' low 

causes this destruction is still unknown Lease, Lease, )fii hx* iS" 

(111) m an extcnslvo studj on this subject have come tob^'' tl'o 

BKins Vitamm A is not destroj'ed by oxidized gljcerol, ut i 

hj'de, allyl alcohol, straight cham aldehydes, m ‘''‘ ' ' ■ 
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or decomposition products formed by the commercial hydrogenation of fate 
The components of rancid fats which cause destruction of vitamm A are not re- 
moved by steam distillation nor by extraction with alcohol From the Vast 
literature that has now accumulated on this subject of m tniro vitamm A oxida- 
tion it would appear that loss of activity is associated with the mtense peroxide 
formation that follows the termmation of the mduction penod of the fat m 
which the vitamm is dissolved Sumner (181) has illustrated this relationship 
between rate of peroxidation and carotene destruction by usmg active lipoxidase 
preparations It is his conclusion that intermediates of fatty acid peroxidation 
are the active agents mvolved, but not the peroxides themselves 

Vitamin D It was early pomted out by Zucker and Barnett (196) that dietary 
fat exerts some antirachitic action and this observation has been amply substan- 
tiated by more recent mvestigations (104) (105) (138) (15) (76) (103) (100) (101) 
(17) The antirachitic effect of fat in the diet is relatively small but consistent, 
and IS dependent upon the amoimt of fat present For example, Kbudson and 
Floody (103) found that with 0 025 mgra of crystalhne vitamm Dj dissolved m 
propylene glycol and added to 40 grams of a nckete producmg basal diet, the 
extent of heahng was about 3 times greater if 5 per cent hydrogenated vegetable 
oil was included With 10 per cent fat the vitamm D was less effective and 20 
per cent reduced the healmg to the approximate level of the fat-free basal diet 

Explanations of this antirachitic effect of dietary fat have been largely con- 
cerned with the mfluence that fat might have on calcium and phosphorus absorp- 
tion It IS known that m sprue, celiac disease and m other types of profoimd 
steatorrhea, calcium absorption is impaired, the imabsorbed calcium bemg ex- 
creted m the feces, for the most part, as calcium soaps It has also been ob- 
served that when the fat content of the diet is greatly increased the amount of 
calcium soaps in the feces mcreases (38) (5) (160) (13) However, it has been 
often reported that small amounts of fat m the diet have a beneficial effect upon 
calcium absorption (94) (95) (19) (70), but it is not fully agreed that fat mcreases 
the absorption and retention of calcium or the calcification of bones (17) under 
all conditions It would appear that both calcium absorption and calcification 
are more definitely enhanced by dietary fat m the rachitic animal than m the 
normal 

In an attempt to explam the manner m which vitamm D-free fate mfluence 
calcification Jones (101) studied the effect of a number of substances on the 
acidity of the mtestmal contents and on the calcification of the bones of rachitic 
rate In agreement with the work of others it was found that fat (10 per cent 
lard or oleic acid) decreased the pH of the lower portion of the small mtestme at 
the same time showmg a defimte antirachitic effect However, lactose also 
increased the acidity of the low^r mtestmal tract, but did not exhibit any anti- 
rachitic action Dibasic phosphate protected the rate against nckete without 
changmg the pH of the mtestmal tract Although these experiments do not 
completely rule out mtestmal acidity changes as a factor mvolved they do pomt 
out the obscunty of the mechanism of the fat effect on calcification 

Vitamin E Early m the development of the knowledge concemmg the physi- 
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ology and chenuatry of vitamin E it was pointed out that amoipita of wheat germ 
on which added to a fat-free diet were eufficient to reheve sterility m rats became 
meffeotive if lard, cnsoo, or oleic aeid were mcluded in the diet (60) The expla 
nation for this effect of fat on vitamin E activity, simnltaneously presented by 
Mattiil (129), and Evans and Burr (69), was that oxidative changes which 
accompany the deveiopment of rancidity m unsaturated fats destroy the ntamin 
Macomber (126) added 6 per cent wheat germ to a diet containing 20 per cent 
lard and found the diet to be deffoient m vitamin E 

Goettsch and Pappenheimer (73) first pointed out that rabbits and guinea pigs 
developed a charaotenstic muscular dystrophy when fed diets that were treated 
with feme chloride and contamed lard and cod hver oil The ferric chloride 
treatment was known to destroy vitamm E (190) and the lard and cod liver oil 
additions seemed to aggravate this deficiency symptom Madsen (126) found 
that muscular dystrophy could bo produced by a vitamin E-free diet containmg 
a cod liver oil concentrate without lard being present The addition of cotton 
seed on afforded some protection, but if cod liver oil in its natural form was m 
eluded, cottonseed oil was without effect In view of the fact that muscular 
dystrophy can be brought about by the mgestion of cod liver oil concentrates as 
well as by the natural cod liver oil it is mterestmg to note that Evans and Burr 
(69) had found tliat the vitamm E destroying material of oxidised lard could be 
concentrated in the unaaponifiable fraction 

Although it IS not fully agreed that the solo reason for the development of 
muscular dystrophy in cortam animals fed cod liver oil is through a dostruetion 
of vitamm E, there is an accumulation of evidence that the dystrophy can bo 
prevented by the appropriate admmistratuin of o tocopherol (123) (122) (67) 
(130) It IS the opmion of MattiU and Golumbio that there is no difference 
between the muscular dystrophy of cod liver oil and that produced by lack of 
vitamm E If this is true it is probable that the mfluence of vitamm E-freo fat 
m the diet m protecting against or aggravatmg the onset of deficiency symptoms 
IB entirely duo to an anti-oxidant protection of tho vitamm or a pro-oxidant aid 
m its destruction Either might take place before or after the ingestion of tho 
dietary mixture A complete review of the studies on muscular dystrophy has 
just been published by Pappenheimer (160) m this journal 

Vttamina of the B eomples Pho very striking sparing action that dietary fat 
has on thiarmn has long been recognised While the excellent reviews that have 
been written on this subject, cspecmlly those of WiUmms and Spies (194) and 
Cow gill (36), adequately bnng tho literature up to recent years, a few contnbu 
tlons should be discussed 

Stern, Arnold and Elvehjom (179) in a study of tho Bi sparmg action of fat, 
Isocaloncally replaced tho carbohydrate of a Bi-dofioiont diet with fat and found 
that rats which had developed polyneuritis through previous subjection to a low 
fat, thiaimn free regimen grow well, exhibited no signs of polyneuritis, and tho 
females had normal cstrous cycles The symptoms of polyneuritis which tho 
rats had when tho fat diet was started did not completely subside for about 1 
week although growth during this time was good. These authors point out 



268 


GEOEGB O BUBR AND jRICHAED H BARNES 


that Since thiamin administration causes the disappearance of polyneuntic 
S3Tnptoms withm 4 to 6 hours, fats must act m a raannenmdependent of thiaimn 
Salmon and Goodman (164) had previously reported that a diet contammg 40 
per cent fat, but very low m thiarmn, did not prevent the occurrence of poly- 
neuritis m rats Stem, Arnold and Mvehjem offer the suggestion that perhaps 
the diet used by Salmon and Goodman was low m some dietary factors other 
than thiamm for when the autoclaved yeast content of a high fat diet was m- 
creased s3Tnptoms of polyneuritis disappeared It has been well established 
by the use of autoclaved and synthetic fats that the spanng action is not due to 
the presence of thiamm Mehuck and Field (141) have earned out chemical 
determmations for thiamm m fats, mth negative results Furthermore, Kem- 
merer and Steenbock (102) found no mcrease m the amount of thiamm m body 
tissues when thiamm deficient rats were fed high fat diets, and Cahill (32) has 
found that m humans mgestmg a diet with a constant thiamm content, the addi- 
tion of fat had no influence on the amount of thiamm excreted m the urme 
These results together with recent information on the participation of thiarmn 
m the carboxylase system mdicate that fat spares thiarmn by altenng metabolism 
m such a way as to circumvent its need An observation that could be mter- 
preted as a confirmation of this idea has been presented by Banerji (6) who found 
that the mgestion of a high fat diet not only alleviated the seventy of a thiamm 
deficiency bradycardia, but diminished the excretion of bisulfite-bmdmg sub- 
stance^ m the unne 

Evans, Lepkovsky and Murphy (65) noticed an apparent aggravatmg effect 
of fat upon the ntamm G requirment of rats More recently Mannermg, 
Lipton and Elvehjem (127) have shown that fat at a level of 25 and 40 per cent 
of the diet, markedly mcreased the nboflavm requirement of the rat, while with 
the dog the level of dietary fat has no influence on the need for this vitamm 
(152) 

Dietary fat seems to have some spanng action on the pantothemc acid (188) 
and biotm (147) needs of the rat Furthermore certam fats (com oil) give a 
much greater protection from egg white disease than others (Cnsco), an observa- 
tion that might be associated with their content of the essential fatty acids (120) 

Rancid fat In the foregomg discussion some mention has been made of the 
deletenous effects of oxidized fat m the diet, particularly m the destruction of 
vitamms A and E Senous as the effect on these two vitamins is, the detn- 
mental properties of rancid fat are much more extensive 

The stability of aU the essential nutnents to oxidized fat is not known, but 
on the basis of chemical structure and properties, the foUowmg substances might 
be considered capable of destmction by such pro-oxidants Vitamm A, carotene, 
intamm D, vitamm E, pantothemc acid, pyndoxme, biotm, ascorbic acid, and 
Imoleic acid There is a senous lack of information concemmg the possible 
destmction of manj of these substances by oxidized fat, but that information 
vhich IS available ivill be discussed here 

It was pomted out by Mattfll and Golumbic (130) that many mvestigators 
vorking -with E deficient animals have occasionally encountered dermatitis m 
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older animaln and caudal necrosis in the new bom The dermatitis is sometimes 
relieved by the administration of wheat germ oil As the wheat germ oil per se 
IS possibly not responsible for the cure of dermatitis symptoms it maj have 
protected other factors by its antioxidant properties Neither pantothemo acid 
nor pjudoxmo have been studied, but at least one of the dermatitis preventmg 
vitamins, blotm, has been shown to be destrojed by organic peroxides (23) and 
by products produced m rancid fats (161a) 

■While the most important factor concerned m the ondation of vitamm D in 
animal foods seems to bo the amount of exposed surface area, rancid fats are also 
of importance m its destruction (71) 

Ascorbic acid, which is known to act as a fat antioxidant, is not appreciably 
destroyed during tha induction period (74) Expenments from the authora’ 
laboratory mdicate that when pure ascorbic acid is suspended m highly rancidi 
fied fat it 18 not oxidised 

The peroxidation of unsaturated fata naturally destroys hnoleio acid Feeding 
of such oxidised fata has been shown to result m the development of elan changes 
in rats (192) and dogs (191) suggestive of Imoleic acid de6ciency, but m a much 
more severe form than that ordinanly produced b> exclusion of the essential 
fatty acids 

The presence of rancid fat in the diet has effects other than m destrojung es 
sential nutrients Gj flrgy tl al (78) studied a diet of the folloivmg composition 
Casern 6, cornstarch 60, sucrose 22, cod hver oil 2, salts 4, and imoleic acid 
(crude) 16 with daily supplements of thiamin, nboflann, pj-ndoxine, and panto- 
thenic amd 'Within 3 to 4 weeks standmg at room temperature the linoleio 
acid was almost oompletelj destroyed b\ oxidation If butter yellow (N N -di 
meth>laminoaiobenzene) was mcorporated m the diet at a level of 0 06 per 
cent, it was destroyed bj the oxidixing imoleic acid These authors are of the 
opinion that such substances as Cnsco, butterfat, or nee which have a pro 
caremogemo effect when given together with butter yellow do so bj stabihimg 
the caremogen either by reduemg the unsaturated acid content of the diet or 
through an antioxidant effect However, this can not bo the explanation for 
the enhancing effect of dietary fat on tumor production by skm application of 
20 methylcholanthrene for in this case rancidiffed fat is equally effective (110) 
Of striking mtercst in the study by GyCrgy et al was the observation that the 
diet containing hnoleio acid was very tone Eats fed this regimen either with 
or without butter yellow, lost weight, developed an anemia of thosecondao tj-pc, 
a leucopenia, and were subject to pediculosis These symptoms could bo pre- 
V ented by the daily addition of j-east to the diet The toxicity was apparently 
due to oxidation products of the unsaturated fatty acid 

In this laboratory loss of weight and death have been noted when a balanced 
diet containing casern, glucose, lard, salt mixture, and pure B vitamms together 
with cod liver oil and wheat germ oil was fed to rats The toxiatj of this diet 
was related to the dev clopment of raneiditj , but as cod liver oil has been in 
eluded in the diet in the same manner as m the Gy6rgy study it was thought 
probable that a deliciencj of vitamm A had developed 1 cast was also found 
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protective, but on further study it v'as found that the yeast exerted a strong 
antioxidant effect which protected the lard from oxidation When cod hver 
off was fed separately and oxidation of the fat was prevented by refrigeration no 
toxic symptoms were manifested, but if the lard was rancidified to a peroxide 
value of 200 to 400 milh-equivalents per 1000 grams and agam the cod hvei oil 
fed separately loss of weight, decreased hemoglobm, and red and white blood 
cell coxmt resulted The hvers of rats shoving these symptoms had normal 
amounts of vitamm A, so the toxicity must hax’^e been due to other causes 

The anemia that has been reported by Gyorgy el al and also observed m this 
laboratory might be due to some mdirect cause It is of mterest that Haurowitz, 
Schwerm, and Yenson (83) have found that m the well known catalytic effect 
of hemm and hemoglobm on the oxidation of unsaturated fatty acids, both pig- 
ments are completely destroyed In this reaction morgamc iron is released, 
but neither porphyrins nor bile pigment denvatives are found If there is any 
physiological sigmficance m these observations, the oxidation products of the 
unsaturated acids that act as pro-oxidants must be absorbed from the mtestmal 
tract and enter the blood stream While there is at present no definite answer 
to this pomt there are reports that have some bearmg Irwm et al (99) report 
that hydrogenated cottonseed oils having peroxide values of 107 6 and 80 1 and 
meltmg pomts of 45 3° and 45 6°C respectively are absorbed to the extent of 
90-92 per cent withm 12 hours Unpubhshed results from this laboratory 
show that when highly oxidized fat is mgested by rats the keeping tune of the 
animals body fat is decreased This does not necessarily mean that pro-oxidants 
are deposited m the adipose tissues for the peroxide value of the freshly rendered 
body fat is zero Furthermore as was mentioned above the vitamm A stores m 
the hver are mamtamed at a normal level The decreased keepmg time of adi- 
pose fat after the mgestion of rancid fat could be due to the complete destruction 
of all dietary antioxidants Under normal conditions these antioxidants might 
be absorbed and help stabffize the body fat It is very likely that some products 
of oxidation are absorbed from the mtestmal tract For example, heptyl alde- 
hyde (35) which IS known to occur m small amounts m rancid fat, is readily 
absorbed and enters the body tissues If haimful products of rancidification 
are absorbed they must do so to only a small ex'tent for parenterally admmistered 
these substances exhibit a toxicity far beyond that obseiv’ed follovmg oral 
mgestion (48) 

From the foregomg discussion it can be seen that the presence of highly 
oxidized fats accelerates the destruction of a large vanety of food factors While 
most of the detnmental effects of mgestion are probably due to induced nutn- 
tional deficiencies the possibility remains that some activity is directly mam- 
fested m the body tissues The inadvertent addition of oxidized fat to a diet 
mixture, the development of fat oxidation m the diet due to lack of proper 
stabihzation and the possibffity of oxidative changes m the mtestmal tract must 
be given serious consideration m practical nutntion as well as m the theoretical 
mterpretations of experimental studies 

The value of dietary fat as measured by growth and reproductive performance 
Many experiments have demonstrated that growth, lactation, reproductive 
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performance and other metabolic functions are altered b^ the consumption of 
fats The results obtamed are not alwa\8 readih correlated ^ith the compoai 
tion of the fats and their expected digc3tibiht> , mobiliiation and retention, 
e£.L>ential fatty acid content or effects on other nutrients From the preceding 
discussions it is conceivable that fats of indelj different fatt\ acid contents might 
haio very different nutntne iTilues The cases to be cited below mnv lie con- 
sidered tj'picol of the scores in the Iitemturo which record effects of quantity or 
quaUt> of dietary fats 

Nearly all experiments hai c ahomi tlint the inclusion of fresh, palatable and 
digestible natural fata impronis the diet m some wa\ Infants on fat free diets 
develop loose, mushy, ferraentati\-e stools (9G) CaU’es do not grou as n-ell on 
skim milk supplemented with fat soluble \ntamms as on whole milk (77) or re 
constituted milk mto ^vhlch butter oil, lard or beef tallow had been homogemred 
On low fat the average dail> gam was 1 07 pounds as compared with 1 43 pounds 
for the whole milk group Cows (131) (72) and goats (12) produce less milk and 
butter fat on low fat diets On a ration contaming onl\ 0 45 per cent ether 
extract decreases m milk jneld of goats ranged from 26 to 65 per cent and the 
butter fat yield dropped 35 to 70 per cent With cows the effects hax’© not been 
80 striking but a summary of c\T)orunenU done b} hlajTiard and co-workers ov'er 
a period of 12 ^’ea^B has demonstrated that diets contaming about 6 or 7 per cent 
of fat mcrcase jnelds of both milk and butter fat as compared with diets contain 
mg less than 4 per cent fat The depreamon of milk and butter fot yields, very 
marked when cod liver oil or menhaden oil w fed to cows (134) (22), is sliglit or 
lacking on the Inclusion of shark li\er oil (134) (161) (43) salmon oil (134), or 
imsaturated plant oils like com oil (183) m the diet In fact some of the above 
mcrcoses ^rere obtained with the highl> unsaturated 80 }bean oD Growing 
chicks (102) haxe been kept 14 weeks on a gram ration so low m fat that the 
lodme number of the body fat wus greath reduced mthout retarding the growdh 
significantly althougji the a\erage weight of both males and females on the low- 
fat ration was already sllghtU low at the end of this short (14 iveok) penexL 
When lajing hens were put on a diet contaimng less than 0 1 per cent fat there 
was a tendency toward a lower and less sustained egg production (IC3) 

Many experiments with rats are not useful to this discussion because proper 
low fat diets w'ere not used as controls or growth and reproductii'c performance 
was not recorded Howci'cr, there are a number of expenraents irhich show 
definite improvement on the inclusion of some fat In the diet (in excess of the 
essential fattv acid requirement) Dicta contaming onh the fat m crude casern 
and }'cast and supplomentod bj 2 or 3 drops of cod liver oil do not produce maxi 
mumgrowih ovoilation or lactation (61) (02) (03) (04) Twentj ortwentv five 
per cent of lard, butter, or cottonseed oil is better than fivT or ten per cent of lard 
It IS not certain that tho low fat diets were alwavs adequate m the essential fatty 
acids W^th higher levels of fat it has been found that diets contammg 30 to 65 
per cent of different fats produce greater weight gams in voung rats tlian docs a 
6 per cent diet (91) In this labomtorv at the tunc there arc groups of 

rat ‘1 on diets contnlnmg 20 per cent of sev'cral fats VIl arc superior m growth 
and lactation to controls receiving 10 drops of com oil (Matola) dailj The 
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average weight of the high fat animals is 13 per cent above Ijhat of the low fat 
group It IS not known in any of these cases whether the mcreased weight is due 
entirely to obesity However, with mixed diets of natural foods contaimng 4 50 
and 9 29 per cent of fat, it has been recently shovoi that rat mothers with the 
higher fat intake show improved lactation and that the young at 17 days of age 
contam more dry matter, more fat and more protein (132) There are, however, 
experiments m which rats receiving up to 55 per cent of their diet as fat did not 
grow more m the first six weeks than the controls on sucrose (164) There is also 
the expenence of those workmg with fat deficiency that fat-free diets supple- 
mented daily with only 25-100 mgm of Imoleic acid produce fair growth and 
lactation (124) (156) In the first case (124) the performance is defimtely below 
optimum and m the second (156), while it is said to compare favorably with that 
of the stock colony, no exact comparison of weanmg weights is given There is 
a preponderance of evidence that several species respond favorabl}’- to added 
dietary fat Since aU of these species have great powers of fat s 3 Tithesis from 
carbohydrate (except for certam unsaturated acids) and are capable of utilizmg 
either of these food matenals for work with almost equal efficiency (107) it is not 
surpnsmg that the differences are small Nevertheless for optimal nutntion fat 
should furnish a considerable proportion of the calones 

Large differences have been reported in the comparative nutntive value of 
different hpids, both natural and synthetic The outstandmg feature of these 
experiments is the irregulanty of results from different laboratones and even 
vuthm one laboratory Most of the work has been done with rats on a basal diet 
to which have been added equal amovmts of the fats under test Usually ad 
libitum feedmg has been allowed and the overall growth effects recorded In 
some cases, however, the gam per calone intake has been calculated or the food 
consumption limited and the gam per umt of fat recorded Smce there is httle 
difference m the composition of different batches of commercial fats, it seems 
likely that the method of feedmg or unrecognized effects of ranciditj'^ on the rest 
of the diet may account for the lack of uniformity Lackmg space for a detailed 
discussion here of each experiment with comments on possible factors affectmg 
the results, only a few of the older expenmen ts ivill be given along with the most 
recent ones 

From the work of Ozaki (149), Eckstein (51) (52), Powell (154) (153), Davis 
(42), Barbour (8), Evans and Lepkovsky (62) (63) (64) (113), Cox (37), and 
Salmon and Goodman (164) with synthetic esters and salts of the fatty acids it 
IS endent that the comparative grou'th promotmg value of these materials de- 
pends upon the form m which they are fed, the percentage m the diet, and the 
adequac 3 '^ of the rest of the diet Even as much as 60 per cent of the diet may be 
composed of the methyl, ethyl, glycerol or propylene glj'^col ester of mixed fatty 
acids of lard without lU effects (113), only the ethylene glycol ester being toxic 
Soaps may also be fed successfully at lower levels In general the gl 3 '^ceryl esters 
seem best This is especially true when single fatty acids make up as much as 
75 or 80 per cent of the calones For example, ethyl laurate is very toxic at this 
level (37) while laurm is tolerated and promotes groivth (164) Butynn and 
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ethyl butyinte are highly to-ao na contrasted with the esters of acetic or caproic 
acids which allow fairly good growth There is a sharp distinction betn'een the 
4-carlxin acid and its neighboring homologues Its ill effect on growth is due not 
only to a depression of appetite resulting m starvation but to an injurious effect 
upon tissues (42) Toxic effects of the other single fatty acids become endent 
only when they are fed at very high levels and the admixture of other acids ehmi 
nates the difficulty In practically all cases the natural fats are supenor to 
glycerides resynthesiied from smgle or mixed fatty acids In fact, only when the 
best of natural fats are added is the performance better than on a low fat-high 
carbohydrate diet The addition of 20 per cent or more of synthetic esters of 
sin^e or mixed fatty acids usually results m growth infenor to that on the basal 
diet (04) (164) 

The order of relative efficiency of different fats may be revetsed by a change of 
level m the diet as well as by a partial deficiency m the diet such as thiamm (64) 
(164), or vitamm A (24) Ad libitum feedmg may reverse the order as compared 
with restneted feedmg 

There are many experiments which demonstrate that, with not over 30 per 
cent of fat m the diet, the growth of rats is good on fats rangmg m composition 
from coconut oil to linseed od (26) (91) When very great differences due to 
small amounts of fat are observed the diet should be examined carefully for some 
defiaenoy, possibly due to the action of the fat itself The effects of different oils 
are not shown as stnlongly with rata as with calves which fail to grow, decline, 
and die when hquid fats are homogenued into skim milk (77) But with the rat 
there Is conaderable evidence that some liquid fats like cottonseed or com oil do 
not equal solid fats in promoting early growth (164) (26) (91), especiallj when 
they constitute a large part of the diet Although the sujicrionty of butter fat 
for calf nutntkm seems established it is not so readily demonstrated mth the rat 
Usmg the method of homogenizmg fats mto mmeraliied skim milk more rapid 
early growth on butter fat has been found (18) (24) but the results are sometimes 
small and not always regular These differences in early growth were not found 
by Freeman and Ivy (69) when commercial evaporated milk was compared 
with a filled milk contauung coconut oQ instead of butterfat After three 
months, however, the animals receivmg butterfat were larger than their controls 
With simplified diets it has been found by Homs and Mosher (82) that the results 
can be reversed by usmg animals of different age, weanhng rats growmg more 
rapidly on butterfat and older rats more rapidly on coconut oil Premature 
babies and twins, m whom fat utilixation is defectiv e, absorb ob\ e oil and soj bean 
on far more completely than butter, with a resulting improi ement m growth and 
nutritive condition (185) Some early expcriraenta with solid diets mdicato a 
superior value of butter for lactation (61), but more recentlj Sure (182) has 
reported no differences in lactation performance on diets containing 16 por cent 
of several fats. Including butter Recently Boer and Jansen (16) have postulated 
a now growth promotmg fatty add m butter However, Euler, Euler and 
SSborg (68) report better growth of rats on margarmo In our laboratory at the 
present time there are six groups of rata which show that at the 20 per cent le\ el 
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butter IS just equal to several other fats Some older experiments, m which very 
high levels of fats were used (55 and 60 per cent of the diet), show distmctly supe- 
nor growth on other fats as compared with butter (164) (62) If each of the 
other commercial fats is reviewed, conflicts m results will be found similar to 
those mentioned above for butter The answer seems to he m the vanabihty of 
the products used by the workers as well as m the differences m methods of ex- 
perimentation ' The former effect is well illustrated by the recent paper of Hoag- 
land and Smder (92) m which several lards are compared with several hardened 
vegetable and animal shortenmgs The average growth rate of rats for all the 
lards was essentially the same as for all the shortenmgs Howevfer, the lards 
differ significantly among themselves Untd all workers use exactly the same 
matenals and conduct the experiments under identical conditions, conflictmg 
results wall contmue to appear From the explanation of these differences will 
come a more complete knowledge of the r61e of fat m the diet 

SUMMARY 

There are ample reasons for recommendmg that the fat mtake be not reduced 
much below the normal established by habit To give the best results added fats 
must be fresh Rancidity renders them unpalatable, destructive to other vital 
foods and possibly shghtly toxic m themselves Frequently the preservation of 
a mixed food is largely a matter of the prevention of fat detenoration 
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QUANTITATIVE AND QUALITATIVE VARIATIONS IN NORMAL 
LEUKOCYTES 

CYEUB C STURGIS ahd FRANK H BETHELL 
Thomas Usury Simpson ilsmortal Institute for AfedicaJ Usesareh, Uniesrsiiy of iUchtgan 

T^vo excellent review's have been ivntten dealing pnnmnly with change? of the 
leukocytes in the cmmlating blood under different physiological conditions, in 
man by Carrey ^and Brvan (1930), and in rabbits by Cheng (1930) The reader 
IS referred to these publications for a comprehensive consideration of the htera 
ture and summary of the status of our knowledge concemmg the subject to the 
date of each pubheation The present article was requested because some im 
portant contributions have been made smee the appearance of the two reviews 
mentioned above The matcnal in recent articles has been based on studies 
which, in soma instances were more accurate technicallj, due to the use of 
standardised apparatus and technic, the results have been treated by modem 
statistical methods, more important observations have been made on changes 
in the differential formula and on the maturity of the neutrophils as mdicatcd by 
the shape of the nucleus Furthermore there has been a growing appreciation 
that under normal conditions, at short intervals, there is a spontaneous and 
irregular fluctuation of the total number of leukocytes and of the percentages 
of the different varieties of white corpuscles, which maj easily bo mismtorpreted 
unless eialuatcd crlticall} Hence anj changes m the leukocytes, especially 
when the} are withm the range of normal, or moderate m extent, should not be 
interpreted as due necessarili to an} single or constant ph}'Biological or patho- 
logical influence, unless the trend is a umform one m multiple experiments 
Recognition of the cause and extent of the phvslological variations m thb 
leukocjtes is important when fluctuations in their number and vanet} are 
utihied as endcnco of significant alterations cither in cxpcnmental or human 
phjaiology Undoubtedly conclusions have been reached ■without proper allow- 
ance for observational error spontaneous variations, or the uncertainty of 
isolated determinations. In climcal medicme, decisions have been based on one 
or a few -widely sjiaced leukocyde counts, with a differentml formula dotermmed 
b} a survey of only one hundred cells and with a total disregard for their physio- 
logical venations Since the introduction of tho sulfonamide drags, for example, 
there has been a tendency to regard a decrease in tho white blood cella as evn 
dence of the toiucity of the drag and hence as an indication for ita discontmuance, 
even though the diramishcd total white count remains within normal limits As 
a consequence, an erroneous interpretation may lead to tho denial to tho pa 
ticnt of an cxcccdmgly v aluable and sometimes life sav ing therapeutic agent 
Our present knowledge mdicatcs that v anations in tho white blood cell count 
ol the circulating blood may occur as the result ot the action of any one, or a 
combination, of the four following mechanisms 

I Alterations m the rate of production of Icukocy tes A decrease in the leuko- 
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exclusion of such factors as thickness, evenness, and length of film, and permitted 
the inference that the observed variations were due to irregulanties of cell dis- 
tnbution, especially along the edges of the films The differences observed be- 
tween drops v ere also greater than might have been anticipated as due to random 
subsampling Therefore, more accurate results may be secured by counting on 
films prepared from two drops of blood, than by utilizmg only one drop, even 
though the total number of leukocytes enumerated is the same m both cases 
Although hlamland and his associates point out that the distnbution of blood 
corpuscles, as they are counted on a film, is discontmuous and therefore not truly 
represented by a normal curve, they submit data justifying the assumption that 
for purposes of statistical calculation the distnbution may be considered as 
sy mm etrical when the conditions of exammation are stnctly defined On this 
assumption, for the 24 healthy male students, aged 19 to 28 years, whose bloods 
were exammed in the early sprmg, the followmg figures are submitted based on 
a count of 2100 leukoc}^^ for each student (table 1) 


TABLE 1 



U£AN 

PERCENTAGE 

STAKBARB ERROR 

OP UEAK 

STANDAM DEVTA 
TIDH OT SESJES 

COETPICIENT 

OF variation 

Neutrophils 

66 88 

/ ±1 201 

±5 886 

10 4 

Eosinophils 

' 2 01 * 

/ dbO 209 

zbl 023 

60 0 

Basophils 

' 0 44 1 

j ±0 042 

±0 204 

46 6 

Lymphocytes 

37 03 

j ±1 221 

±6 082 

16 2 

Monocytes 

3 64 1 

•' ±0 168 

±0 826 

22 7 


The unavoidable error in differential countmg, or that due to the acci en so 

random sampling where the distnbution is assumed to be normal, has been 

culated by Barnett (1933) according to Bemoiulli’s theorem SD — V ? > 
where SD is the standard denation, n is the total number of cells coim , P 
that fraction of the total made up of the particular cell type in 
IS that fraction of the total composed of all the remammg cells Barne c e 
the application of this theorem to the differential count expenmen y y 
les of counts of 100 cells each, made on cover slip preparations r^ ^ 
sample of venous blood, and found reasonably close agreement e \' 
observed and predicted ceU values He has constructed a chart shoinng 
mum errors due onlj' to chance in differential counts based on the enum 
of 100, 200 and 400 cells The maximum error he defined as t ree . ^Ig 
standard deviation Thus if 100 cells are counted and 50 per cent are neu ^ 
the standard deviation is 5 per cent and the maximum error is nj-g 

When the total number of cells is 400 instead of 100 the ' order to 

halved Barnett concludes that at least 400 cells should be coun m 


obtain reliable results m the differential count , also 

The validity of the above theorem, as applied to differentia coun , 
tested by Plum (1936), who counted on a number of slide films 
sets of cells, each set being composed of from 50 to 100 mem 
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Tito oiccUent revieira have been ivntten dealing pnmanly with changes of the 
leukocytes m the circulatmg blood under different physiological conditions, m 
man by Garrc y and Bryan (1936), and in rabbits by Cheng (1930) Ibe reader 
18 referred to these pubhcations for a comprehensrv e consideration of the htera 
ture and summary of the status of our knowledge concerning the subject to tho 
date of each publication The present artiele was requested because some un 
portent contributions have been made smee the appearance of the tu o reviews 
mentioned above The materml m recent articles has been based on studies 
which, in some instances were more accurate technically, due to the use of 
standardized apparatus and techmc, the results have been treated by modern 
statistical methods, more important observations have been made on changes 
in the differential formula and on the maturity of the neutrophils as mdicatcd by 
the shape of the nucleus Furthermore, there has been a growmg apprecmtion 
that under normal conditions, at short mtcrvals, there is a spontaneous and 
irregular fluctuation of tho total number of leukocytes and of the percentages 
of the different vaneties of white corpuscles, a hich ma> easily be mismtcrpreted 
unless evaluated critically Hence an} changes m the leukocytes, csp^aDy 
when thov ore withm the range of normal, or moderate m extent, should not be 
mterpreted ns due necessanh to an} emgic or constant physiological or patho- 
logical influence, unless the trend is a uniform one in multiple experiments 
Recogration of the cause and extent of the physiological variations m thi 
leukocytes is important when fluctuations m their number and vanety are 
utilized as evidence of significant alterations either hi exjienmental or human 
physiology Undoubtedly conclusions have been reached without proper allow- 
ance for observational error, spontaneous variations, or tho unoertalnty of 
Isolated determinations. In clinical medicine, decisions have been based on one 
or a few wdddy spaced leukocyte counts, with a differential formula determined 
by a sun cy of only one hundred cells and vnth a total disregard for their physio- 
logical vanations Smeo the introduction of tho sulfonamide drugs, for example, 
there has been a tendency to regard a decrease in the white blood colls as cvi 
dence of tbe toxicity of tho drug and hence as an indication for its discontinuance, 
ev en though the dimmished total white count remains withm normal Imuts. As 
a consequence, an erroneous interpretation may lead to the denial to the pa 
ticnt of an exceedingly valuable and sometunes lifc-eavmg therapeutic agent 
Our present knowledge indicates that venations m tho white blood cell count 
of tho circulatmg blood may occur as tho result of the action of any one or n 
combination, of tho four following meclianisms 
I Alterations in the rato of production of leukocytes A decrease m tho leuko- 
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cyte count may result from simple mhibition or maturation-arrest m the bone 
marrow, whereas an increase is dependent upon simple hyperplasia or accelerated 
maturation 

II ' Vanations which are dependent upon changes m theu rate of destruction 
or elimmation from the body 

III Changes m the number per cubic millimeter resultmg from differences m 
concentration of the cuculatmg blood plasma 

rV Hedistnbution of the white blood cells m the vascular channels Evi- 
dence m recent years tends to reaffirm the earlier belief that this mechamsm is 
the basis for many, if not all, of the physiological vanations m the leukocyte 
count 

The above classification is based, witii modifications, on the information pre- 
sented by Lawrence (1941), to which reference should be made for fuller 
details , 

Observational variations Vanations m total leukocyte counts attnbut- 
able to observational error may be separated a pnon mto two classes J,'^the 
“error” mvolved in drawmg conclusions relative to an entire population on the 
basis of data denved from observations on small random samples, 2, “blunders” 
mtroduced by defective technical methods and inaccurate apparatus Although, 
in practice, one cannot disregard the influence of “blunders” m the evaluation of 
mdividual counts, it is nevertheless possible so to standardize the conditions of 
observation that variations mtroduced by the second class become neghgible 
thereby permittmg a statistical approach to the “error” of random samphng 
Bryan, Chastam and Garrey (1935) pomt out that^this e^r is influenced by 
three factors, a, mixmg of the cells and dilutmg fluid, b, filhng the countmg cham- 
ber by capillarity, and c,'8ettimg of cells by chance on the ruled field of the 
countmg chamber They are able to demonstrate that the last named, chance 
settlmg of the cells, is responsible for practically all of the major vanations 
of subsamplmg It therefore becomes possible, withm reasonably accurate 
Imuts, to apply the laws of a normal frequency distnbution system m the sta- 
tistical evaluation of total leukocyte counts, when the conditions of observation 
are sufficiently well standardized These authors also pomt out that more 
accurate expression of the “error” of physiologically normal leukocyte counts is 
gamed by the use of a scale of absolute numbers rather than percentages smce 
the latter are partly dependent on the means of the leukocyte counts Based 
on an analysis of 2508 white blood cell counts they report an average error 
of ± 241 ± 35 cells per cubic millimeter when 10 unit hemacytometer areas of 
one square millimeter each and a blood dilution of 1 to 20 are employed Tffie 
magmtude of this error did not alter appreciably at the different levels o t e 
observed leukocyte coimts as was shown by the low value of its probable error 

It has also been demonstrated by Plum (1936) that when the conditions o 
leukocyte enumeration are adequately controlled the accidental distribution o 
cells m the counting chamber becomes the only important vanable His data, 
obtamed by empirical observation, led hun to conclude that a systematic relation- 
ship exists between the magmtude of the standard deviation and the number o 
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cells enumerated m each detonmnation, and that this relationship may be ox 
pressed in terms of a Poisson’s senes according to which the standard devnation 
IS equal to the square root of the counted number of cells 
For a laboratory procedure in such common use os the determination of 
percentages of the se\eral types of leukocytes, the differential count, the many 
technical methods employed and the lack of exact information concemmg their 
respective accuracy constitute a stnkmg deficiency m hematologio practice 
Moreover, few obsenrcrs possess well founded knowledge of the statistical error 
m^ olved in the differential count when the distribution of the cells m the atamed 
film is assumed to be entirely “accidental ' 

Differential counts of five entire blood films made on slides i\ith a ca\ er slip 
spreader, and an almost complete count on a sixth, U'ere compared by Mainland, 
Du Bibcr and Stewart (1936) inth four clmical methods of differential countmg 
It was found that the results obtained either by counting three seta of 100 Icuko 
cytes, usmg cross rows, one 3 mm from the beginning, the second at about the 
middle and the third about 3 mm from the end of the film, or b> counting all 
the cells in the middle lonptudmal rov* one field m width from beginning to end 
of the film, agreed sufficiently closolj with the total counts to be nttnbuted to 
random sampbng On the other hand more complicated procedures, such as 
Schilling’s ^*meandcr four field ' method and SHberstcin’s method, showed dis 
crepancies greater than are usually attributable to chance For the cross 
count method, with allowance for the site of the samples emplojed the authors 
esiimate a range for the neutrophil percentage, attnbutable to random sampling, 
from 7 4 per cent above the true v ^uc to 7 4 per ctmt below it The minimum 
ranges of error for the other cell tjqxs were lymphocytes, 0 1 per cent, mono- 
cjtcs, 2 6 per cent, eosinophils 2 4 per cent basophils, 1 0 per cent These 
\alue6, demed from small samples for ^liicb due allowance was made, should 
include about 9® per cent of all ob«en ations In a later publication, Mamland, 
Coady and Joseph (1035) estimate the observational variation for the cross count 
method of differential enumeration using slide preparations Thc> point out 
two sources of variation affecting the differential count, apart from the error 
involved in trulj random sampling These vanations are well recognised, but 
frcqucntlj overlooked bv the laboratory worker They consist of 1, abnor 
malitics of distribution of the several tvpesof leukocjies on the Sim, as prepared 
by the slide method, so that in differential counting one is * taking a sample 
mcrclj of the area of film exammed not a representative sample of the whole 
drop”, 2, difference* between successive drops of blood and between blood ob- 
tained from more than one puncture Their data were obtained from twentj 
four healthy male students Across each of sev cn blood films, prepared b^ the 
slide and cov cr gloss method, fiv c from successive drops from a nght ear puncture 
and two from succcssiv c drops from a left car puncture, made on the same oc 
casion from each student^ three sets of 100 Icukocvies each were counted The 
V anations of thceo sots vrere greater than could be attributed to purely random 
samplmg, indicatmg, therefore, that in the comparison of differential counts the 
methods emplojed must be stnctlj adhered to Their technique permitted 
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exclusion of such factors as thickness, evenness, and length of film, and permitted 
the mference that the observed vanations were due to irregulanties of cell dis- 
tribution, especially along the edges of the films The differences observed be- 
tween drops V ere also greater than might have been anticipatfed as due to random 
subsamphng Therefore, more accurate results may be secured by counting on 
films prepared from two drops of blood, than by utilismg only one drop, even 
though the total number of leukoc 3 rtes enumerated is the same in both cases 
Although Mainland and his associates point out that the distnbution of blood 
corpuscles, as they are counted on a film, is discontmuous and therefore not truly 
represented by a normal curve, they submit data justifymg the assumption that 
for purposes of statistical calculation the distnbution may be considered as 
S 3 mimetncal when the conditions of exammation are stnctly defined On this 
assumption, for the 24 healthy male students, aged 19 to 28 years, whose bloods 
were exammed in the early sprmg, the follovung figures are submitted based on 
a count of 2100 leukoc 3 d«s for each student (table 1) 


TABLE 1 



UCAK 

STAKDASD EUOS 

STANDASO DEVU 

coEmamr 


PEBCENTAOE 

or UCAK 

non or sexies 

or VA3UAT10N 

Neutrophils 

56 88 

/±1 201 

±6 886 

10 4 

Eosinophils 

/ 2 01 * 

1 0 44 


±1 023 

60 9 

Basophils 

/ ±0 042 

dzO 204 

46 6 

Lymphocytes 

37 03 

j ±1 221 

±6 982 

16 2 

Monocyies 

3 64 

I' ±0 168 

±0 826 

22 7 


The unavoidable error m differential counting, or that due to the accidents of 
random sampling where the distnbution is assumed to be normal, has b een cal- 
culated by Barnett (1933) accordmg to Bemoiulh’s theorem SD = ^npq , 
where SD is the standard deviation, n is the total number of cells counted, p is 
that fraction of the total made up of the particular cell type in question, and q 
IS that fraction of the total composed of all the remammg cells Barnett checked 
the application of this theorem to the differential count experimentally by a ser- 
ies of counts of 100 cells each, made on cover slip preparations from the same 
sample of venous blood, and found reasonably close agreement between the 
observed and predicted cell values He has constructed a chart showing maxi- 
mum errors due only to chance in differential counts based on the enumeration 
of 100, 200 and 400 cells The maximum error he defined as three tunes the 
standard deviation Thus if 100 cells are counted and 60 per cent are neutrophils 
the standard deviation is 5 per cent and the maxunum error is 15 per cent 
When the total number of cells is 400 instead of 100 the respective values are 
halved Barnett concludes that at least 400 cells should be counted in order to 
obtain reliable results m the differential count 

The validity of the above theorem, as applied to differential counts, was also 
tested by Plum (1936), who counted on a number of slide films from 50 to 100 
sets of cells, each set bemg composed of from 50 to 100 member^ He examined 
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consecutive adjacent longitudinal rom, starting at the margin and ‘ proximal” 
end of the film Hie results shoived that, in these expcrunents, the indimdual 
counts Here distributed about the mean in the manner of the normal curve 

The normal frequencj or Gaussian curve is not stnctlj representative of the 
distribution of most cell v alues in the differential count even though the "sam 
phng error” is assumed to be the only source of v anation, accordmg to Goldner and 
Mann (1938) However, by a mathematical analysis, they demonstrated that 
the error involved m the apphcation of the normal curve to all counts is negBgible. 
Based on this approximation they have constructed "confidence curves” for 
differential counts of 200 leukocytes employmg a “probabihty” of 96 jior cent 
(‘Tiducial Coefficient' of 0 96) The validity of the curves was tested by serial 
observ ations of a single sample of blood For Icnkocj te percentages ranging 
between 30 and 70 the calculated “maximum” variation is approximately ± 0 
per cent. 

The several sources of possible error m the performance of the differential 
leukocyte count hav e been considered bj MacGregor, Richards and Loh (1940) 
with particular reference to variations dependent upon technique of makmg the 
film and method of selection of areas for counting On all shde preparations lack 
of uniformity of distribution of cell tj-pes was found to be the rule Vanations, 
in some cases exceedmg 20 per cent were attnbutable to this factor A general 
relationship was observed between the wov% distribution pattern of one tvqio of 
coll and that of anj other tj^ie In order to determme this relationship con 
sccutive areas throughout slide films were counted and the values obtain^ rub 
jected to Founer analjais From the data secured m this manner graphs were 
constructed These graphs enable correlations to be made between the count 
determmed bv examination of all cells m tho film and the results obtained by 
1 , edge” count along the tw o longitudinal margins of the film for a width of one 
microscopic field, 2, 'battlement' count three honiontal edge fields followed 
b} two fields toward tho center, then two honiontal and then two in a vortical 
direction back to tho edge 3, ' cros3.Bcctional'' coimt, back and forth across the 
body of tho film from one edge to the other until at least 300 cells have been 
counted It therefore becomes possible, according to the authora to comjmro 
results obtained bv diffenml methods of counting bv the apphcation of correction 
factors varying with tho typo of cell and its obscrv'cd jjercentage value The 
accuraev of such ‘corrections ' is dependent upon a standardized teclmiquo of 
film preparation and is lessened in cases of total leukocyte counts differmg wnddj 
from tho normal. MacGregor and his associates found that closest approximn 
tion to the v alues obtamed bj a count of the entire film w as provnded by tho 
battlement method utiliimg both edges of tho film Greatest corrections were 
ncccssarj in the case of counts made by the orosssectional method, with the 
straight edge method occurring an intermediate position Counts performed 
on cov er slip films corresjxind more closely to tho straight edge count than to 
either of the other two methods of counting on shde preparations 

Tho percentage of Ijunphocvtcs m the case of a healthv mdlvndual was fmmd 
b} Bov on (1939) to average about 10 per cent higher when determined on slide 
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films by the cross count technique descnbed above, than when enumerated m 
cover shp preparations or m a Buerker countmg chamber The countmg cham- 
ber IS assumed by the author to give most nearly perfect random distnbution 
On the basis of removal of four-tenths of the granulocytes and monocytes from 
the countable portions of a slide film the author has constructed a curve showmg 
the corrections that should be made m order to obtain the true lymphocyte per- 
centages from values obtamed b 3 '’ countmg shde preparations 
The four-field meander method, countmg from one side of the film to the other 
and back, and differential enumeration of cells in a countmg chamber were 
compared by Klotz (1939) for constancy of results when smgle samples of blood 
were used The shde films were made m a uniform manner, standardizmg the 
size of the drop, the angle of the spreadmg shde and the pressure exerted when 
makmg the spread Random cross countmg gave results considered to be more 
accurate than either the four-field or hemacytometer chamber methods 

From the rather mdely differmg conclusions of the several authors whose 
work has been descnbed above, it is apparent that no agreement has been reached 
regardmg either the preferred method of differential countmg on shde prepara- 
tions, or the degree to which distnbution of cells approaches the wholly accidental 
on either shde or cover slip films However, it has been the expenence of most 
observers who have compared the shde and cover shp methods, that slide films 
show a distinct predommance of n^trophils and monocytes at the edges and 
tail of the preparation, and that even with a n ell standardized technique, this 
mequality of distnbution vanes with the concentration of the red cells and the 
number of leukocytes m the blood, whereas, m cover shp films, utihzmg only 
the weight of the upper slip to effect the spread, the distnbution of white cells is 
more nearly uniform It is obvious that the method employed m selection of 
areas foi differential countmg becomes less important as the distnbution of cells 
awroaches the “accidental ” 

s^Daily and hourly variations It has long been knomi that fluctuations m 
the leuTiocyte count may occur throughout the day, but ongmally these nere 
attnbuted to exercise or digestive activity Later it was recognized that they 
arise mdependently of these possible excitants In 1925 Sabin, Cuimmg^m, 
Doan and Kindwall reported that a characteristic hourly rhythm of the^totel 
white blood cell count occurred m man and rabbits, and that this accounted for 
a-¥anation m a proportion of 1 2 Furthermore, they found that the wlnte 
blood cell count was jmcreased mjhe afternoo n, independent of food mtake, and 
that the entire increase was'diie to' changes m the number of neutrophils They 
also concluded that the lymphocytes have a shorter rhythm than the neutro- 
phils, and that their total number vanes m the proportion of 1 3 The sugges- 
tion that oscillations characteristically occur at hourly intervals has not been 
confirmed Casey, (1940), after a most extensive studj , concluded that his 
studies on rabbits did not reveal “a statistically significant vanation in the hourly 
m,ean ” Kennon, Shipp and Hethenngton (1937) m an investigation of the 
leukocyte count m young men likemse failed to discover “proof of rhj'thmicity 
occurrmg at regular mtervals of short duration, either for the total number of 
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leukocytes or the total numbers of any ono type of cell " It is true, howev er, 
that vanationa of considerable magmtude m the white blood eell count, due to 
the changes m the numbers of granul ocytes, do occur m the blood of rabbits and 
man Furthermore, these alterations are not related to food mtako or ertor 
dse Accorthng to Garrey and Bryan (1630) if one substitutes the phrase 
irregular and eometimee pronounced omUaltont for rhythms, the apparent dis 
agreements m the hterature are of mmor importance These obsen ets conclude 
that when leukocyte counts are done m the morning, under basal conditions, a 
great majonty of the white blood cell counts will fall within the range of 5,000 
to 7,000 cells per cubic millimeter Accordmg to them, it is firmlj established 
that the minimum count is obsen ed m the moimng, under conditions of rest, 
and that it vanes least under these conditions Furthermore, they state that 
after an hour of recumbent rest in the afternoon, 60 per cent of all leukocyte 
counts fall withm the lumts of the mommg basal counts 

In the studj of Kennon Shipp and Hethermgton (1637) the nhite blood cell 
count m sue young men was detemlmcd at intervals of 16 minutes throughout 
thedayfor6to7 hours, on two successn e dal’s They observed that the total 
number of leukocytes v^ed from count to count, duo to changes m the granulo- 
cytes, but no evidence of a rhythm could be determined, the undulations in the 
curve had a tendency to adhere to the some pattern m a given subject on succes 
srve days, after a rest of one-half to one hour-tbermm s a fall m th o leukocyte ■ 
coun^to the nasal range, TEere was~no significant alter^on in the tot al whi te 
blood cell count when an erect jratere was assumed , the apparent spontaneous 
variations m the white blood cell count throughout the dav w ere,yery_^ight 
usually the difference bemg between 100 and 400 cells between the highest and 
lowrest counts, but in ono instance the maximum lanation was 900, and in 
another, 1800 cells, while there was no ste adi consistent nse m_t he whi te blood 
qeU count in the afternoon, in all instances there was a definite post mendian 
peak between tw el\ o noon and 3 00 p m rmd although tho subjects bad break 
fast or a light lunch durmg the da>’8 of tho study, there was no endcnco of a 
digestive leukocytosis 

Casey (1840) undertook a comprehensive statistical evaluation of a largo 
number of white blood cell counts in normal rabbits in order to determine if a 
rccognirable diurnal cycle m the Icukocj’te senes actually existed in this species 
The counts had been mode not oftener than three times a week in a given animal 
and usualli only once a week In tdl, 697 estimations on 190 of the 204 rabbits 
were mode between 6 00 am and 12 00 noon, and 360 determinations of 130 
of tho 204 rabbits between 12 00 noon and 6 00 p m It was concluded that no 
single individual hourly mean differed significrmtl} from anv other, what vana 
tion was present they considered, could be accounted for on the basis of random 
sampling The white blood cell count averaged 7,891 per cu mm forthomom 
ing, and 7 914 per cu mm for tho afternoon penod, a difference of 23rfc white 
blood cells which is not signiOcant This investigator also concluded that there 
was no evidence that a digestive leukoev toms occurs m tho rabbit between the 
hours of 9 tX) a m and 6 00 p m , as no statisticallv signiBcant change was ob- 
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served in the group permitted free access to food and vater It is recognized by- 
Casey that previous observers have reported that the lowest white blood cell 
counts m man occur early^ m the mommg and the highest m the afternoon, 
despite control of the food mtake, muscular effort and emotional stress It is 
also pomted out that repeated painful punctures cause a successive rise m the 
leukocyte count (Garrey, 1929) Furthermore, Casey is cntical of most of 
the studies of the variations and rhythms m the white blood cells, as he considers 
that they are based on an madequate number of estimations, and no statistical 
consideration of observational vanation seems to have been undertaken His 
study, he believes, is significant and conclusive for a number of reasons, among 
them being only a single exammation was made on an animal on any one day, 
the matenal vas analyzed by accepted biometnc procedures, it represents by 
far the most extensive study of the sort, which has been made Certainly, his 
results seem, m general, to contradict the belief that there is a uniform diurnal 
rise m the leukocyte count m rabbits It cannot be said, however, from the 
matenal presented, that mdmdual rabbits do not show a diurnal rhythm, or an 
increase m the leukocyte count m the afternoon hours 
As a prelude to a study of the vanation m the leukocytes m rabbits foUowmg 
the injections of vanous substances, Reifenstem, Ferguson and Weiskotten 
(1941) have made a most careful study of the spontaneous vanations at hourly 
mten als m the total leukocyte count, the differential formula, and the matunty 
of neutrophils m normal rabbits Throughout the expenments there was careful 
control of the health and handlmg of the animals, the environment, and the diet 
Adequate precautions were taken to ensure the accurate estimation of leukocytes 
as 16 unit areas of the chamber were counted which meant that 800 cells were 
actually enumerated, -uhen the total leukocytes numbered 10,000 per cubic milli- 
meter Eight leukocyte estimations were made at hourly intervals on the same 
day betiv een approximately 9 00 a m and 4 00 p m Three blood films were 
made at the time of each count, and 300 cells were enumerated in order to cal- 
culate the differential formula A group of fourteen adult New Zealand white 
and mixed rabbits of both sexes, weighmg approximately 2 5 to 3 2 kgm each, 
were studied dunng the period from Mav 24, 1939, to January 23, 1940 
The results show that there is considerable spontaneous variation in the leuko- 
cyte counts of each rabbit This is apparent when the average of all eight counts 
on each day for each rabbit are compared The average for the senes of the 
fourteen animals was 9,449 per cubic millimeter -with maximum average varia- 
tion from 6,414 to 15,014 per cubic milhmeter Repeated studies on the same 
rabbits at approximately the same hours of the day, on different days, show that 
each animal seems to have its owa characteristic leukocyte picture and vana- 
tions appear to be decreased in extent under such conditions The observers 
advise that when hourly data dealing with the leukocytes are determmed for 
experimental purposes, it appears wise to employ the same animal after its 
individual leukocyte behainor has been determmed, and then utilize the same 
penod of the day for counting When average hourly estimations for all of the 
fourteen animals are considered, the total leukocyte values are fairly constant, 
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the avera^te number of neutrophils morease and the average number of lympho- 
cytes decrease durmg the daj For example, the average hourlj counts per 
cubic millimeter for the fourteen animals, from approximatelv 9 00 am to 4 00 
pm were as follows 9,000, 9,221, 9,021, 9,914, 9,300, 9,800 On the other 
hand, the total leukocyte count m the same rabbits mav vary from 7,000 
per cubic miUimetor at 9 00 a m to 14,900 at 3 00 pm This is not true of all 
of the ammals for m some the count may have a remarkable constancj A 
comparison of the a\ erage morning neutrophil counts with those in the after 
noon shows that almost invariably there is an increase m these cells during the 
latter part of the dav This vanes from approximately 200 to 2,000 cells per 
cubic millimeter Occasionally there is a decrease With the tendencj to an 
increase in the neutrophils dunng the afternoon, there is usuallv a decrease of the 
Ivmphocytes of approximately 200 to 3,500 cells per cubic railUmeter Here 
agam there may be an occasional increase The authors conclude their discus 
sion with a very appropnate and practical wammg, as follows “These results 
seem to indicate that when the hourly leukocyte picture of the rabbit is studied 
under different experimental conditions, it would seem advisable to determmo 
the general normal leukocj'tc trends of each animal and then mamtain the same 
penod of the day for counting at hourlj mtervals imder cxpenmental con 
ditions, as well as establish sunllar control of other possible sources of error m 
the determinations ” 

An additional study by Reifenstem and HDfinger (1942) merits careful con 
sidcration for they mvcstigated m rabbits for the fiist time the v anation in the 
matuntv of polymorphonuclear neutrophilic leukocytes from hour to hour dunng 
the day Total and differential white blood cell counts were made at hourlj 
mtervals at the srune tune of the day for six hours on twenty normal adult anl 
mala The cells were classified accordmg to the followmg groupmg 

Group I Cells with the nuclear matcnal m one mass, round, ov al, or indented 
not more than one-half through its width 

Group n Cells with the nuclear matenal not thvlded mto segments but may 
bo lobed, spiral looped, rosette shaped or vanouslj irregular 

Group III Cells with nuclear matenal showing segmentation into two 
parts which are cither entirely separate (as viewod m the film), or connected with 
a narrow filament. 

Group IV Cells with the nuclear material showing segmentation (ns m 
group III) mto more than two ports 

Accordmg to this arrangement the first and second groups comprise the 
division known as the non filamcntcd and groups III and IV the filamented 
neutrophils 

These results are expressed m the weighted mean which has the advrmtage of 
indicating the matuntv of 100 neutrophils bv a smgle figure It is computed 
ns follows The number of ccHs in each of the four groups is multiplied bj the 
number of the group (I, II, HI or IV) all results are added and the sum ls divided 
bj the total number of cells counted According to them, the weighted mean is 
an exceedingly sensitiv e index of nuclear classification as a difference of one pomt 
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in the second decimal place means that one neutrophil has been moved to the 
group either below or above its ongmal assignment 

A consideration of the results shows that each ammal on its particular day of 
countmg appeared to have a rather characteristic weighted mean The only 
other change was that some seemed to he “more to the left” than others There 
did not seem to be a tendency for the mean to shift to the left or nght durmg 
successive hourly counts In other words, there was a strong tendency to mam- 
tain the imtial average neutrophihc maturity durmg the six hour penod of 
countmg 

The percentage of the non-filamented neutrophils (groups I and 11) vaned 
from 11 to 48, with a mean of 28 5, median of 29 and a mode of 29 Only two 
group I-neutrophils were observed m classifymg approximately 14,000 neutro- 
phils One table is presented showmg the neutrophihc maturity counts on the 
same animal at approximately the same time of day (9 46 a m ) on different days 
durmg a 23 months penod These data emphasized that while the level of the 
neutrophihc weighted mean m a rabbit may vary shghtly over a long penod of 
tune, the relative constancy of the mean, once it has been established for any 
particular daily penod of studv, is mamtamed durmg this mterval In other 
words, when a general trend m the neutrophils has been determmed for each 
ammal, there is every reason to expect that there will be very httle shift to the 
“left” or “nght” durmg the succeedmg six hours These results would mdicate 
that the ratio of the appearance of younger neutrophils m the blood to the dis- 
appearance of the older neutrophils from the blood is balanced or constant The 
scarcity of group I cells suggests that rarely are cells of the neutrophihc senes 
discharged mto the blood until they reach a stage which is more mature than 
the metamyelocyte stage Their studies would suggest also that any vanation 
m the neutrophils which does occur at short mtervals is not due to an mcrease 
m the more immature cells of this senes It is likely, therefore, that such vana- 
tions are on the basis of a redistnbution of the cells of the body 

Medlar (1929, 1936), after an exactmg study on normal persons and on pa- 
tients with tuberculosis, reached the foUowmg conclusions concermng the fluctua- 
tions m the white blood cell count In his opmion neither the total leukocyte 
count nor the percentage of the different tjqies of white corpuscles has an 
absolute level A variation m the total of 60 per cent and m the differential 
count of 10 per cent may occur m normal persons when counts are made at five 
to ten rmnute mtervals, over a penod of an hour or two Such variations may 
occur at irregular and unpredictable mtervals He cautions that a significant 
fluctuation must, therefore, be more than 60 per cent of the total and 8 per cent 
of the differential picture Furthermore, to be pertment, it is necessary that 
the changes occur uniformly m subsequent observations He noted no signif- 
icant effect of rest and random activity on the total and differential count This 
led him to conclude that distmctive “rest” and "activity” levels of the leukocyte 
count do not exist if the activity is hmited to mild exercise He is also of the 
opimon that “complete relaxation, such as a ni^t’s sleep or two hours m bed, 
appears to bnng about a more irregular distribution of the leukocjdes, both m 
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the total and m the differential count, than la present during a state of normal 
activity ” 

The eftect of activitt on the leokocyte count It appears to bo clearly 
established that the leukocytes increase m numbers in the circulating Wood fol 
lowmg muscular exertion This is a constant findmg and, furthermore, the 
leukocytosis is, to a certam extent, proportional to the duration and seventy of 
the muscular contractions Reviews of the literature bearing on this subject 
have been published by Grawiti (1911) and by Garrey and Bryan (1936) 
Exercise of any type mcrcases the leukocyte count, even “random activity” 
causing a moderate nso m the count It has been established that the leukocyte 
lei el IS lowest durmg periods of mmimal activity (Bryan, Chastam and Garrey, 
1935) and that the correct basal count is the one made m the early mommg 
under conditions of rest (Naegeh, 1931) FoDowmg the mitial observations 
of Schultz (1893) it was shown that Marathon runners at the termmation of a 
race uniformly had a leukocytosis which vaned between approximatelj 14,000 
and 27,000 cells per euWo millimeter, and a percentage of polymorphonuclear 
leukocytes which ranged from 80 to 90 per cent of all the white blood cells It 
is genendl} beliei cd that the increase is due to a redistribution of the white 
blood cells in the vascular system rather than to a formation of new leukocytes 
This is indicated by the rapidity with which the moreaso may occur and bv the 
tact that only a small percentage of the cells are of the younger types It has 
been recorded immediately followmg a quarter mile race, lastmg less than one 
minute, that there is a leukocytosis of 35,000 per cubic millimeter Isaacs and 
Gordon (1924) report that at the termmation of a Marathon race the poly- 
morphonuclear leukocyde count percentage may be as high as 94 7 That this 
increase is attributable to a redistribution of cells m the vascular system is 
shown by the fact that m all cases crammed by them the polymorphonuclear 
neutrophil leukocytes appeared to be of the mature, adult type, with clear-cut 
nuclear lobulation It is generallv believed that the changes in the circulatmg 
blood following exercise are due to circulatory shifts with the hlieration of 
sequestered leukocytes from unused capillanes throughout the body These 
reservoirs, in which the polymorphonuclear cells arc stored, may be in venous 
organs and tissues of the body such as the spleen, liver, lungs, glands of internal 
secretion, bone marrow , and muscles 

That the degree of leukocytosis is due to the mtensity and the duration of 
the exertion is shown conclusively by the obsen ations of Edwards and Wood 
(1932) who noted an mcrease of nearly 300 per cent in the white blood cell 
counts of football players although the average duration of actual play m a 
sixty mmute game is only eight ramutes This degree of leukocytosis is but 
passed only by that observed in Marathon runners Furthermore, it was 
found that the degree of leukocytosis was directly proportional to the extent 
of their participation in the game, as shown by the following figures after playmg 
one-quarter, the n\ erage count was 12,000 per cubic millimeter, one half, 16,500, 
thrcc-quartoia, 18,000, and the entire game 23,000 

It is claimed by some that the emotions of fear, rage and apprehension may 
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raise the count to activity level (Garrey, 1929) but Edwards and Wood (191 
consider that excitement alone is without effect upon the leukocyte cou 
This they demonstrated by determmmg the leukocyte count on spectators 
games, football players immediately before games, and track athletes just pr 
to a race Leslie and Zwemer (1936) faded to obtam an increased leukocj 
count in cats with excitement alone and therefore concluded that they ivi 
unable to show any mcrease m the white blood cell count from emotional stm 
lus m the absence of activity For a further discussion of this aspect of t 
subject see under “Emotion ” 

It IS claimed that lactic acid of the blood, blood sugar, blood pressure, bo 
temperature and capdlary ddatation can be ruled out as separate causes' relai 
to leukocytosis m exercise (Edwards and Wood, 1932) The leukocytosis 
exercise seems to be proportional to the extent of the alterations m the circu 
tory rate of the body As this is accelerated, the sequestered cells are swe 
mto the circulation causmg a physiological leukocytosis Furthermore, th 
remam there for a considerable period of time before, as it is reasonable to i 
sume, they gradually settle out agam m the vanous capdlanes of the body i\h 
the circulation becomes slowed Leslie and Zwemer (1936) beheve that t 
mam factor m the prompt production of leukocytosis following exertion is t 
dilatation of collapsed capillanes m the muscles of the body They state th 
dunng rest there are vast numbers of leukocytes adherent to mactive vesi 
walls These become detached when the capillanes open dunng exercise, a 
swept mto the circulation, and account for the rise m leukocytes The pc 
sibility that the spleen may harbor a reserve store of leukoc 3 rtes which enter tl 
general circulation when this organ contracts followmg adrenalm injectioi 
thereby causmg a transient leukocytosis, has led some to emphasize that tl 
viscus may play an important r61e m the production of phj siological elevatu 
of the white cell count This is undoubtedly true but it has been demonstrah 
that the mjection of adrenalm will cause such a leukocytosis in persons follown 
splenectomy (Lucia, Leonard and Falconcer, 1937) A more likely explani 
tion of the mcrease m number of leukocytes is that the adrenalm increases tl 
rate of blood flow and thereby redistnbutes the formed elements of the bloo( 
Thus it IS not difficult to understand why there is a leukocytosis m exercise ( 
any type, or, m fact, m any condition m which the circulatory rate is mcreasei 
This may occur m random activity, m the labor of a pregnant woman, m athlet 
contests, followmg the mjection* of adrenalin, m excitement, and follown 
convulsive seizures 

It should be pointed out that m some persons the leukoc 3 dosis is due to a 
increase m l 3 Tnphocytes instead of polymorphonuclear cells For examp 
(Garrey and Bryan, 1935), a high grade of leukocytosis mai show a preponde 
ance of lymphocytes It is also reported (Jokl, 1931) that the blood pictui 
undergoes three changes followmg exercise first, an mcrease m the percental 
of lymphocytes followmg strenuous exercise such as a race of 2,000 meter 
second, a preponderance of polymorphonuclear leukoc 3 des after a race of Ion 
duration (10 to 25 kilometers) and, third, an “mtoxication picture” after 
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JIarathon race when the percentages of poijinorphonuclear cells and lympho 
Cldcs are normal The 6rst two types of change have been observed bv others 
but not the third, as previous work has shown that tho plotiue in the blood 
following Marathon races is that of a poljmorphonuolear leukocytosis That a 
Umphocytosis may follow a bout of short, mtensive exercise is to be expected 
m some instances, because the exertion has been shown to increase the flow of 
Ijmph (Rous, 1908) The original view of Erhhch was that a lymphocj’tosis 
could result from an mcrease m the rate of production of the lymphocides in 
Ijmphoid tissue and also from a ftushmg out of the lymph cells through an 
mcrease in the Ijunph flow The classical observations of Rous confirm the 
new that the l}-mphocj'tC8, too, like the polymorphonuclear cells, are sequestered 
but in the Ijunphatic rather than the circulatory system, and that following 
exercise they are redistributed to the circulatmg blood thereby causing an in- 
crease in the percentage of these cells The experiments of Rous prove the exist- 
ence of a large resen olr of lymphomtes stored in tho lymphatic ayqtem, which 
IS quickly ynelded to the blood following exercise 
Thus in any person there are at least two ever present variables, which are 
responsible for the changes m the white blood cell content of tho circulatmg 
blood One of these is the reserve supply of polymorphonuclear leukocytes 
which is sequestered in the inactiv e capillanes of the body The other is the 
segregation of lymphocytes m the lymphatic system. Cells of both types are 
returned to the circulatuig blood following muscular activity but m one person 
the lymphocytes mav bo swept mto the circulation first, while in another it 
may be the polymorphonuclear cells In general it may be said that the lympho 
cytes more commonb respond to short severe e.xereise whereas m prolonged 
exertion tho leukocytosis is of the polymorphonuclear type 

In the course of a comprehensive investigation of the problem of fatigue and 
hours of service of dnvers of commercial vehicles operating in interstate com 
merce, Donahue of the Pubhc Health Service (1941) observed the influence 
of dnvmg upon the leukocyte picture of truck dnvers 
Prehminarv studies mdicatcd that the leukocyte count might be utilued 
as an index of the fatigue status of coramorcial truck operators It was found 
that the average leukocyte count of 737 drivers was 9311 per cubic millimeter, 
with a range varying from 4,900 to 19,200 per cubic milluneter These figures 
were rccogniied as higher than those usually reported for the general population 
There was a statistically significant difference between the counts m different 
cities, for in Baltimore Chicago and Nashville the average counts were 9,010, 
9 713 and 10,712 per cubic millimeter, respeotivcly This vanation may have 
been due to a v anation in the time of working hours, or different econormc con 
ditions No ago trends were observed m the total leukocyte count The mean 
values of the leukocyte counts of all dnvers showed a consistent tendency 
toward an increase with hours of dnvmg smcc major sleep The nse was found 
to be relatively slight as compared vnth subjects undergomg severe muscular 
exercise It was concluded that these results are suggestive of a chronic effect 
of the regime of tho truck dnv or on the leukocyte level ” 
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The effect of either the increased muscular activity associated with a pro- 
nounced tachycardia, or of the accelerated circulatory rate, or of both of these 
factors, IS well demonstrated by the observations of Levme and Golden (1922) 
on patients with greatly mcreased heart rates Eleven patients with paroxysmal 
rapid heart action were studied m whom the rate vaned between 130 and 250 
per minute for two hours to over twelve days In six of these the leukocytosis 
ranged between 13,000 and 22,000 per cubic millimeter The authors considered 
that the blood findmgs were due to the cardiac upset, as a return to normal 
occurred promptly when the rate was lowered 
Bookman and Fraad (1935) studied the effect of prolonged framing on the 
neutrophil count They made weekly observations on 14 members of a college 
football team durmg the penod of approximately eleven w eeks of almost daily 
strenuous exercise No significant vanations were found m the percentage of 
neutrophils and hence it was concluded that prolonged exercise and trainmg 
do not have an appreciable effect on the polymorphonuclear counts They 
emphasize that this is rather remarkable as the total white blood cell count 
durmg energetic practice and actual contests must have fluctuated violently 
Variations with age Accordmg to Poncher (1943) the average leukocyte 
count shortly after birth is 25^000 cells p^_ cubic imllimeter The level falls 
rather precipitately to about T4,t)w at the tenth day of Me, lyith a rabs^uent 
very gradual declme throughout infancy and childhood Po ncbe r’s con- 
clusions appear to be based, m part, on the observations of Kato (1935) Wash- 
bum (1935) reported a total of 73 leukocyte counts on slx babies performed dur- 
mg the first ten days of life Wide variations were found both between different 
infants, and between counts on the same babies, the average of all the counts 
was 15,208 per cubic millimeter Por seven infants betw een two and twenty- 
six weeks of age a total of 535 leukocyte counts vaned between 5,000 and 24,000, 
with 80 per cent of the counts withm the range of 8,000 to 16,500 Washburn 
observed no tendency to orderly rhythms m the fluctuations of the mdmdual 
infants’ counts, nor was any correlation noted between the counts and activity 
or feedmg Kato (1936) analyzed 1,081 total and differential counts performed 
on 1,037 mdividuals between birth and fifteen years of age At the end of the 
first day of life he found an average leukocyte count of 22,000 per cubic milli- 
meter with a pronounced drop at the third or fourth day to an ai erage of 8,750 
Thereafter a slight temporary rise occurred durmg the first three months of life 
with an average maximum level of 10,000 to 11,000 A gradual fall was then 
observed, persistmg throughout the remammg years of infancy and childhood 
The values usually given for the leukocytes m normal infants and children 
are cnticized by Osgood as bemg derived from studies on subjects not truly 
healthy With a number of collaborators (1939, 1941) he has reported total, 
differential and absolute leukocyte counts for new-bom infants and for age 
groups above 4 years Durmg the first day of life the leukocyte count averaged 
15,000 vuth maximum values of about 24^0 A fall to an average of 10,000 
was observed on the second day mth a further declme to 7,000 on the third, 
fourth, fifth and sixth davs The count then increased to about 8,000 vhere 

\ 
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it pereisted throughout the remainder of the ten day period of observation 
upon which the study w ns based In a study of 80 children four to seven years 
old, Osgood and his associates found an average leuJtocyte count of 10,400 with a 
95 per cent range of 6,600 to 16,600 Scatter diagrams indicated that, withm 
these ages, the values for white blood cells are constant At eight years the 
total leukocyte count dechnea, accordmg to these authors, to an average level 
of 8,400, range 4,000 to 13,000, and these values persist through adolescence 
A further decrease occurs after the age of eighteen, when the adult values were 
established as mean total leukocyte count 7,400, range 4,000 to 11,000 Hio 
authors observed no diffcrencee between the senes, either m total or differential 
leukocyte counts, m any of the age groups studied 
The w hits blood cell values at four penods m the first year of life were studied 
by Magnusson (1938) He provides an extensive bibliography of articles 
published pnor to 1936 His own observations made on carefuUj selected 
subjects are shown In table 2 


TABLE 2 



man Of coctm 

tmcoCTTB (noimn* m cu loc.) 

1 


Ut*o 

SUwiuil dfrltUoa 

wnJit 

3rd 

16 1 

14 ISdbO 77 

30Sd;0M 

nth 

20 

10 70 d;0 62 

2 77d:0 44 

23rd-Mth 

20 

13 41 ±0 62 

2 77 ± 0 44 

40th*62Qd 

20 

12 82>b0 72 

3 23ds0 £1 


In a studj of approximately 300 healthy mfants, aged 4 to 6 months, Bcthell 
(1943) found an average leukocyte count of 11,279, standaid deviation of 1,012 
cells per cubic milluneter At 10 to 14 months the mean count was 12,358, 
standard deviation 3,886 In the older age group the flatness of the frequency 
distnbution cun o, mth some skewness toward the higher values, maj be duo 
to the inadiertcnt inclusion of children ivrth subclinical jiathologic processes 
If BO, it illustrates the difficultj invohed in the selection of normal subjecta for 
the determination of leukocyte counts applymg to young children Relatively 
mild infectious processes may produce either leukocytosis or leukopenia, depend 
ing upon the responsible etiologic agent, and such changes tend to persist for 
long periods after the disappearance of cbnical evidences of disease 
At birth the neutrophils arc the predommant tjTie of leukocyte jnJhejdioula 
ting blood Their relative and absolute numbers fall rapidly, and durmg the 
BCi^d week arc exceeded by the lymphocytes. After the first year the lympho- 
cj tes graduallj decline but remam the most numerous cells until about the fourth 
jear when thej are surpassed b\ the incrcasmg percentage of neutrophils 
According to Poncher (1943) thonumberof granuloej'tio and Ijmphocj'tic types 
approximate each other at the tenth dsj of life and again at the fourth year 
Eosinophils and baaiphllB. remain at a rel atively uniform level throughout m -i' 
fanej^ and childhood and their numbers arc a^ut ^al to the adult ralucsj 
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TABLE 3 


Mean leukocyte values at different ages* 


AGS 

AUTHOR 1 

TOTAL 
WJ C 
OOO/CH V3t 

NEGTRO- 

PHTLS 

EOSINO- 

PHILS 

BASO- 

PHILS 

LYMPHO- 

CYTES 

MONO- 

CYTES 

Newborn 

Ponchert 1943 

26,000 

ptr certi 

60 0 

per cent 

]2 5 

per cent 

0 6 

22 6 

10 0 


Chuinardt 1941 

16,000 

60 0 

V3 0 

0 6 

30 0 

5 0 

10th day 

1 Ponchert 

14,000 

40 0 

\2 5 

19 

42 6 



Chmnardt 

1 

8,000 

43 0 

.3 0 

mm 

46 0 

Bl 

4th-6th 

Ponchert 

12,000 

32 0 

2 6 


62 6 

4 0 

month 

Magnusson 1938 

13,410 

24 18 

' 3 09 

0 21 

64 16 

7 32 


Bethell 1943 

11,279 

26 0 

1 80 

0 16 

69 33 

3 61 

10-12th 

Ponchert 

9,000 

32 0 

,2 6 

0 6 

67 0 

4 0 

month 

Magnusson 

12,820 

29 62 

2 64 

0 26 

60 63 

6 41 


Bethell 

12,368 

28 62 

2 46 

0 14 

65 64 

3 65 


SuzukiS 1937 

11,000 

27 6 

BBl 

0 6 

62 6 1 

6 0 

4th year 

Ponchert 

9,000 

42 0 

2 6 

19 

46 0 

4 0 


Osgoodt 1939 

10,400 

41 0 

3 0 

mm 

48 0 

3 0 


Susuki§ 

8,600 

46 0 

‘2 6 

0 6 

45 0 

fi 5 

7th j ear 

Ponchert 

8,000 

60 0 

2 6 

19 

33 0 

4 0 

Osgoodt 

10,400 

41 0 

2 0 

mm 

48 0 

3 0 


Suzuki§ 

8,000 

60 0 

2 6 

0 6 

40 0 

ft ft 

12th year 

Ponchert 

8,000 

62 0 

i2 6 

0 6 

28 0 



Osgoodt 

8,400 

41 0 

j2 0 

0 6 

48 0 

3 U 


Suzuki§ 

7,000 

60 0 

|3 0 

0 7 

30 0 

6 0 

16th year 

Osgoodt 




0 6 

42 0 

4 0 


Suzuki§ 




0 7 

23 0 

6 n 

Adult 

Osgoodt 




0 6 

38 0 


1 

Suzuki$ 




0 7 

23 0 

B U 


♦ It has not been possible to establish statistically comparable ranges for the data in- 
cluded in this table It is designed to indicate the trend of change throughout infancy and 
childhood Apparently healthy individuals, especially in infancy, may give values differ- 
ing widely from the means Where the summation of percentages falls appreciably short 
of 100, the discrepancy is due to omission of unidentified and disintegrated cells The num- 
bers of observations from which these figures were derived are comparatively largo with the 
exception of those of Magnusson This author, however chose his subjects with especial 
care and subjected his data to detailed statistical analysis 
t Approximate values calculated from the authors' ranges 

t Smoothed means, with some values adapted from the authors’ classification to fit t e 
present table 

S Data largely compiled from the reports of many authors, chiefly in the Japanese and 
German hterature 
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The mean values for the total and differential count throughout infancy, 
childhood, adolescence and adulthood, as observed by several recent authors, 
are given in table 3 

Pregnancy, labor and the puerpbjuuii Most observers report an 
elevated leukocyte count durmg pregnanc> , the increase being due to greater 
numbers of neutrophils, vnth ^igher percentage of youngeHorms than is found 
in non pregnant vomen Care> and^ Litxenbcrg (1036) report 977 leukocyte 
counts obtained durmg the course of 134 pregnancies The median value 
of these counts was between 10,000 and 11,000 per cubic millimeter, vvith no 
consistent alterations throughout the duration of gestation Fiftj per cent 
of the counts fell in the range of 8,700 to 12,600 No differences m Icukocjie 
counts between pnmiparae and multiparae were observ cd Hematologic data 

TABLE A 


LeukoeyU volut$ tn prtffiuincv Ou puerpenum and at approximaUlv orxe year afler dtltetry 
(Bethell HarUuff and PantU 


rami or ma/UKt 

LCUKOcrm 
(TsootJurM/cujar ) 

pummiui. emnm (njur nrenrrAou) 

No e{ 
•i^kcu 

Ucu 

sm 

No cf 
nbitcu 

Nnt. ' 



L^topfa 

UOM 

2nd 

11 

10 182 

2 830 

10 

68 00 

a oo 

0 00 

34 00 

4 00 

3rd 

40 

10 022 

2 446 

41 

6C 71 

1 67 

0 17 

27 86 

8 03 

4th 

81 

10 420 

2 154 

79 

67 66 

2 17 

0 11 

27 61 

S 36 

6th 

12d 

10 8S8 

3 112 

114 

67 72 

1 68 

0 16 

26 90 

4 11 

6th 

IM 

10 539 

2 643 

147 

GO 60 


0 12 

26 21 

3 08 

7th 

200 

10 876 

2 436 

188 

GO 68 

I 39 

0 16 

26 30 

4 41 

8th 

220 

10 618 

2 076 

190 

00 47 

1 68 


25 11 

4 47 

gtb 

174 

10 339 

2 616 

149 

08 90 

1 63 


25 32 

4 40 

Potiparlum 
5th-0th wcet 

343 

8 192 

1 85S 

334 

61 29 

2 81 

0 31 

41 28 

4 26 

10tb-l-4th month 

111 

8 0T2 

010 


64 63 

2 64 


39 52 

3 83 


obtained on 36 women at different ponods-of gestation were reported by OHvdla, 
Chediak and Ballestcro (1038) Thev found average values for the total 
leukocyte count of 9,250 cells per cubic milluneter neutrophils, 08 per cent, 
eosinophils, 2 per cent, IjTnphocytcs, 23 per cent, monocytes, 4 6 per cent 
Blood studies were cam^ out by Bethell, Hartsuff and Farrell (104 31 on 
health) vs omen in various months of their pregnancies, at approximately six 
weeks postpartum, and at about one year after delivery In all, 1471 total 
Icukoc) te counts and 1350 differential counts were obtain wi Although statisti 
cal analysis of these data has not been completed it is possible to observe the 
general nature of the leukocj^ changes in pregnancy and the puerpenum os 
evidenced bj the figures in tabic 4 The total Icukocjdo count remains con 
stantl) elevated throughout pregnane^" with rolativelj minor changes from 
month to month There is a persistent neutrophilia which mcreascs through 
the scvm^jnonth of gestation and then appears to undergo a slight decrease 
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/(Lympliocyte, eosinophil and basophil percent^es are lower t han in no n- 
, Apregnant healthy adults, but the absolute values for these_^ cells are3ut little 
f affected during gestation The percentage of monocytes is approximately the 
^ same m“pf^gnant“ and m non-pregnant persons, but their absolute number is 
mcreased m the former group Throughout pregnancy the range of leukocyte 
values is very great as mdicated by the high figures for the standard deviations 
The total count dechnes and becomes more uniform at the 5th to 9th week 
postpartum, the decrease bemg at the expense of the neutrophils The data 
obtained at approximately one year after dehvery may be considered as repre- 
senting the normal non-pregnant leukocyte values for the subjects of this m- 
vestigation 

Changes m the leukocyte count dunng labor have been studied by Gibson 
(1937) who observed a shght rise m tot^ .cell values at the beginnmg of partun- 
tion and a much greater mcrease immediat^y after its termmation Counts 
m the range of 10,000 to 39,800 were found dunng the fiirst six hours after 
dehvery m 38 normal women In pnmiparae the leukocyte values tended 


to be higher and the leukocytosis to persist for a longer tune than m multiparae 
The leukocytosis of parturition was made the subject of an mvestigation by 
Boyd, Blenkmsop and Mylks (1937), with particular reference to the hpid 
composition of the white blood cells In 14 patients the average leukocyte 
count in early labor was 7,100 cells per cubic milhmeter, the lowest bemg 4,300 
and the highest 10,000 At the end of labor, but before anesthesia, the average 


was 8,000, with a range of 5,700 to 11,200 In every instance some increase 
in the count occurred, averagmg 1,700 ceUs, a 24 per cent gam over the values 
early m labor No changes either m the differential count or m the hpid com- 
position of the cells between beginnmg and advanced labor were observed 
Earlier publications on the leukocyte count m labor have been reviewed by 
Wolff (1941), who reports studies on fifty normal women observed from shortly 
after the onset of labor until the conclusion of hospitalization at the eighth day 
after dehvery The number was equally divided between pnmiparae and 
multiparae Twenty-one of the subjects were also exammed at some time dunng 
the last weeks of pregnancy when their leukocyte valu^ averaged 8,054 cells 
per cubic millimeter, ivith a range of 5,750 to 12,200 In all of these women a 
nee averagmg about 2,000 cells was noted after the onset of labor, as compared 
to the previous counts As labor progressed the leukocyte values mcreased to 
maximum averages at delivery of 22,250 and 16,270 m the cases of pnmiparae 
and multiparae respectively The third stage of normal labor was not associated 
vnth further changes m the counts The leukocyte values gradually returned 
to a normal range by the seventh day of the puerpenum Wolff states that 
the vork of the contractmg utenne muscle appears to stimulate the mobdizmg 
of the polymorphonuclear leukocytes mto the systemic circulation 

Emotion Leukocyte alterations, both quantitative and quahtative, 
associated with affected states have been reported by many mvestigators 
The subject is discussed extensn ely by Garrey and Bryan (1935) In rabbits, 
including splenectomized animals, Nice and Katz (1936) observed, consistently, 
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leukopenm occurnng during eicitonent, whereas m eats the same stunulus was 
followed by leukoejriosis In another article Kat* and Nice (1936) reported 
no change in the ratio of non filamentous to filamentous neutrophils in the 
blood of rabbits during excitement. They conclude that the emotional leuko- 
penia of rabbits appears to be due to tae sequestration of neutrophils m the pe- 
ripheral capiDaries and tissues 

In humans with emotional disorders Milhorat, Small and Diethelm (1942) 
observed the frequent occuirence of leukocytosis The subjects of their in 
vestigation comprised 200 psychiatnc patients and no correlation was noted 
between the level of the white cell count and the specific psychiatnc disease, 
although the degree of leukooytoeis paralleled to a certam extent the intensity 
of the emotional reaction Fear, agitation or anger charactemcd the emo- 
tional states, associated with leukocytosis Improvement m the subjective 
reaction was followed by a return of the leukocyte count to normal levels Al 
though no consistent changes, either m the total or differential leukocyte i alues, 
were observed by Beccle (193S) in a study of 20 psychotic patients, he observed 
an increase m the percentage of cells containing ' toxic” (basophilie with Roman 
owsky stam) and Sudanophilo granulations. The extent of such granulations 
vanod directly with the mtensity of the mental disorder Hematologic values, 
includmg total leukocj’te and differential counts, were determined by Hill tmd 
Taj lor (1938) m 21 subjects with pathologic anxiety states The results were 
subjected to statistical analysis and showed no significant differences from the 
data afforded by a control group However, m comment, it appears from the 
authors’ protocol that their subjects were not in a state of severe emotional 
stress at the time of examination 

The eftect or dietabt chanoes anh btaevation A physiologio study by 
Forbes, Johnson tmd Consolaxio (1941) of the blood of share croppers m Alis- 
siBsippi showed that a majonty of the apparently healthy negroes who were 
observed had a leukopenia with rdatod neutropenia, whereas whrto persons 
livmg under the same conditions had normal white blood cell counts The 
average leukocjde count of 23 negroes was 4,0fi0 cells per cubic millimeter, 
whereas the average count of 7 white persons Irving under the same conditions, 
and said to be partakmg of simUar diets, was 7,000 per cubic millimctor Some 
of the percentages of neutrophils in the negroes were as low as 22 to 34, and the 
average for the entire group waJ 60 per cent, while the average percentage m 
the white persons was 00 Iron medication caused an mcrcase of the neutrophils 
m the blood of 18 negroes from an average of 1600 to one of 2700 per cubic milh- 
meter' The authors state that the cause of the leukopema is not apparent 
That a dietarj deficiency might have been an important etiological factor is a 
possibilitj but the evidence in regard to this is not clear It was difficult to 
obtam an accurate picture of the eating habits of the negroes but there did not 
apjiear to be a pronounced dietary deficiency Nevertheless, it Is admitted that 
"occasionally they might bo reduced to com, beans, potatoes and salt pork ” 
That the leukopenia may posaibU bo associated witli a food deficlencv is sup- 
ported bj the oxpcnmcntnl work of Day and his nasociates (1940) It was 
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observed by these investigators that a leukopenia as low as 700 cells per cubic 
mUlimeter occurred in monkeys when they were fed the Goldberger black-tongue- 
producing diet 

Benedict and his collaborators, as reported m an extensive study on human 
vitality and efficiency under prolonged restncted diet (1919), made certam 
observations on the blood m normal subjects who received such a diet for mter- 
vals varymg from 22 to 37 days The food mtake Avas such that approximately 
a 10 per cent Aveight loss Avas attamed Under this regimen there Avas no signif- 
icant change in the total white blood cell counts It Avas considered that there 
AAas a disturbance of the proportion of the vanous types of white blood cells, 
as the average per cent of lymphocytes was high (36 per cent), and the average 
of the neutrophils was Ioav (66 per cent) In New England, at that time, the 
average normal percentages for lymphocytes Avas considered to be 22, and of 
neutrophils 64 

Early observations on the effect of fastmg m man and animals on the mor- 
phological constituents of the blood have been extensively reAuewed by Ash 
and reported by Benedict m his remarkable study of the changes occurrmg dunng 
prolonged fastmg (1916) Unfortunately many of these reports are obAuously 
marred bv faulty technic and must be rejected Almost every type of numencal 
change in the leukocytes has been reported The results of Ash, however, can 
be accepted as accurate He made a complete blood study on a healthy male 
Avho lived for thirty-one days Avithout food and dnnking only distiUed water 
It was concluded that m an othenAise healthy person, Avith restnction of mental 
and physical activities, the blood can Avithstand complete abstmence from food 
for a penod of at least 31 days, AVithout displaymg any essentially pathological 
changes There Avere some significant alterations, however, in the leukocytes 
AAhich Avere mterpreted as physiological Their number mcreased rather 
rapidly at the onset of the fast, reachmg 12,400 per cubic millimeter on the 
third day There was a fall to 8,400 per cubic milhmeter on the fourth day, 
after which there Avas a variation of about 1,000 per cubic millimeter until the 
16th day Avhen the count approximated the prehmmary level Ohservations 
could be made only for three days after the termmation of the fast, and no 
important changes Avere noted dunng this interval The fluctuations m the 
total leukocyte count were obAnouxly due to changes m the number of the 
neutrophils Ash had no explanation for the mcrease of neutrophils dunng the 
early days of the fast other than, as he says, a rather unscientific one, namely , 
that the neutrophils are ever on the defense for the organism, and that these 
cells are most sensitive to changes m body conditions The increase cannot be 
attnbuted to alterations m the water content of the blood, to an obscure bacter- 
ial infection, or to a stimulatmg effect of the perverted products of metabohsm, 
for there was no eAudence that these factors were of importance The paucity 
of accurate observations which deal mth the relationship between the food 
mtake and changes in the leukocytes, makes any generahzation concemmg this 
subject unwarranted From the studies earned out under the direction of 
Benedict it does not appear likely that stan'ation and undemutntion result 
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in any mgmficant changes The observation of a low white blood cell count m 
negroffl, and the leukopenia seen m animals which are given a black tongue- 
producing diet, suggest the possible relahonahip between some components of 
the diet and the level of the total white blood ccH count. Obviously the subject 
demands further careful studies before conclusions can bo formulated 
Digestion Whether or not there occurs a leukocytosis attnbutable to di- 
gestion IS still a controversial question The very extensive hteraturo on the 
subject IS reviewed by Ameth and Ostersdorf (1923) and Garrey and Bryan 
(1936) Withm recent years comparatively few contnbutions to the subject 
have been made, and it is the consensus of most observers that diurnal vanations 
of the leukocyte count are not dependent upon digestive processes Inada 
(1930) obsened leukocytosis In rabbits after the mtravenous mjection of a 
five per cent solution of glucose (0 1 gram per kilo body weight) The change 
m the leukocyte count uas attributed to redistnbution of the cells and was of 
the same typo observed after feedmg a diet high in carbohydrate or protein 
Injection of mmute fat globules caused no change in the white blood cells 
Inada infers from his results that digestion leukocytosis m rabbits is related to 
the absorption of glucose, but is mdependent of the absorption of fat 
The NoniiAi, leukocttt picture in a hot cliiiiate Heat and intense 
solar radiation are factors common to the subtropical environment of Iraq 
in which the ieukocy to picture m healthy British soldiers a as studied by Ken 
nedy and MaoKay (1930) They made the foUowmg obsenations 1, there 
was a relative reduction in the percentage of neutrophils, the mean being 60 0 
with a minimum of 35 and a maximum of 76 6 per cent, S, the monocydos were 
increased, the mean bomg 13 7, the mmunum 4 0, and the maximum 29 6 per 
cent, 5, and the polymiotphonuclear index showed a shift m the direction of im 
maturity In addition, occasional abnormal cells were observed such as myelo- 
blasts, promyelocytes, myelocrtcs lymphoblasts, TQrk colls and normoblasts 
The ax erage blood counts were withm the normal range as follows Red blood 
cells, 6,376 000 per cubic millimeter, white blood cells, 8,780 jxir cubic milli 
meter, hemoglobm 90.3 per cent (Sahli) The authors conclude that the only 
environmental agency affectmg all subjects was the climate and that heat and 
solar radiation arc the common factors to which the blood changes might bo 
attnbuted Heat may produce a transient mcrease m the circulating leukocytes, 
but its long contmued action is unknown It has been recogniied that ultra 
violet radiation produces changes in the circulatmg blood (Russell and Russell, 
1927, Kermcdy and Flmt, 1930, Kermedv and Thomjison, 1927) Russell 
and Russell (1928) haxo reported that sunhght, ultraviolet radiation and heat 
all produce an increase in the lymphocvtcs, and also that eosmophils arc in 
creased by irradiation These authors state that when soldiers are transferred 
from a temperate chmatc to the tropics there is a considerable mcrease in the 
lymphocytes and erythrocytes, and the neutrophils are dimmished 
Evfect of HTPEnrYREXiA UPON EEUKOCTTE COUNT Changes m the leu 
kocyto count were obserxed by Bicrmnn (1934) followmg hy perpyrcxia induced 
by exposure of patient to radmtions with a waxc length of about 30 meters 
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In most instances the rectal temperature reached 104 to 106°F and was mam- 
tamed at this level for 3 to 4 hours by aurroundmg the patient with a hood con- 
tammg carbon filamebt lamps Hourly observations of the leukocyte count 
were made on patients suffenng from vanous diseases The mitial change was 
a reduction of between 25 and 30 per cent m the total number of leukocytes 
which occurred m the first or second hours of treatment This was due to a 
dimmution m the neutrophils Followmg this there occurred constantly an 
elevation m leukocytes whose maximum, amountmg to approximately 80 per 
cent of the mitial figures, occurred about the sixth to the nmth hour The 
magmtude of the leukocyte response depended upon the height and duration 
of the temperature nse, but the maximum leukocytosis occurred several hours 
after the temperature had returned to the normal level The highest leukocyte 
count recorded was 22,600 per cubic millimeter As the mcrease was due mainl}’’ 
to changes m the total number of neutrophils, and as the staff (non-filamented) 
neutrophils showed the greatest nse, usually bemg between 200 and 300 per cent, 
it was concluded that the mcrease was due to stimulation of the bone marrow 
The reviewers would hke to comment that although the evidence that stimula- 
tion of the bone marrow seems to be clear, nevertheless the accelerated circula- 
tion rate which accompanies hyperpyrexia must contnbute somethmg to the 
transient increase m the leukocyte count by causmg a redistnbution of w'hite 
blood cells It is stated (Bierman and Fishberg, 1934) that during hyperpy- 
rexia the velocity of the blood flow may be mcreased more than 400 per cent 

The effect of meteorological alterations Vanations m the leukocytes 
m relation to meteorological alterations have been studied by Berg (1938) 
In a previous communication Petersen and he (1933) had observed that the 
average counts m ivmter were higher than those m summer, while the degree of 
fluctuation was greatest m the latter season A contmuation of the study had 
led the author to conclude that m normal persons, a penod of heightened systolic 
and diastolic pressure is followed by an increase m neutrophils and eosinophils 
with the appearance of more immature forms, and an elevation of the total 
white cell count It was also found that the level and the extent of the seasonal 
fluctuations are mfluenced by constitutional habitus For example, a person 
with a pykmc habitus was reported as havmg the highest level and also showed 
the greatest degree of fluctuations, whereas the strongly sympathicotonic m- 
dividual not only had the lowest level, but also the lowest degree of fluctuations 
References are given to authors who have noted variations m levels and fluctua- 
tions m the counts with constitutional differences Data are presented showing 
the correlation which is claimed to exist between vanations in the level of the 
leukocyte count, the character of the fluctuations, meteorologic episodes, and 
the pathologic condition of five patients suffenng, respectively, with aleukemic 
lymphadenosis, m3'^elogeneous leukemia, pulmonary tuberculosis (two patients), 
and chrome lymphatic leukemia 

The effect of altitude In 1933 Stammers studied the white blood cell 
counts of persons hvmg m Johannesburg, South Afnca, which has an altitude 
of approximately 6,000 feet and receives 73 per cent of sun hght He reported 
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that the mean per cent of the pcljinorphonuclear ccHs was 64^ and of the 
IjTnphooytes 39 7 These values are about 14 per cent lower than the average 
normal percentage tor the neutrophils and approximately 14 per cent higher 
m the case of the lymphocytes, according to the standards then accepted As 
persons residmg at hi^ altitudes are exposed to more ultraviolet radmtion, which 
had been shown by Clark (1922) to stimulate a relative lymphocytosis, it was 
assumed that this was the explanation of the changes observed 
Peteraon and Peterson (1934) reported thdr study on healthy young adults 
m the ndnitj of Butte, Montana, at an elevation of 6766 feet, with a sunlight 
percentage of 67 TTieir conclusions agreed with those of previous observers, 
namely, that a relative lymphooj'tosis occurs at high albtudes, as the mean 
lymphocyte percentage was 36 2, and that of the neutrophils 64^6 These 
findmgs are m accord inth those of Ruppanner (1920) who studied the blood 
of persons in the Swiss Alps, and with those of Hartman whose obsenatlons 
were made on members of the German Expedition to the Himalayas (1931) 
Changes in leukocytes attributable to high altitude and increased solar radia- 
tion show, at the moat, only slight deidations from generally accepted normal 
values, although the trend of such changes appears to be suggestii e 

Displacement, histribution oh pseudo-leukocttobes Vejlens (1938) 
m his comprehensive and scholarly review on the distribution of leukocytes in 
the vascular system contributes pertment information relative to inercases in 
the leukocytes m both phjislologic and pathologic conditions His observations 
indicate that normally m the vems some of the white corpuscles are axial flowing 
and othere are marginal and adherent to the vessel wall These latter cells are 
always neutrophils He believes that an increase or decrease in the number of 
marginal leukocytes m the caplUarj vems is the mam reascai for changes in 
distribution of the leukocytes The position of the leukocytes m the blood 
stream of the small veins is dependent upon two chief factors, first, alterations 
m the circulatory rate, and second vanations m the suspension stabihty of the 
blood plasma which is probably related m part, at least, to its fibrmogen content. 
According to this theoiy a decrease m the white blood cell count results when 
there IS a reduction m the rate of blood flow and consequentlj the corpuscles 
remain in the margmal position and manj become attached loosely to the v esse] 
wall With an increased circulatory velocity the number of white blood cells 
adherent to the w all of the small veins is diminished, and as they enter agam 
the general circulation, the leukocyte count m the peripheral blood is m 
creased The exact relationship of the changes in the suspension stabihty to 
the physiologic leukocj loses is less clear Doubtless in certam pathologic 
conditions such ns infections, there is an increase in fibrinogen which causes 
a general margmal position m the veins This, Vejlens considcia, is due to an 
increase m the adhcsii cness between the neutrophils and the vem wall, and m 
a reversal of the sue of the red and white corpusclca The latter is oxplamed 
bj the poesibilitj that an mcrcase m the fibnnogen content of the circulating 
blood causes rm aggregation of red blood cells which are larger than single 
neutrophils or their aggregates 
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SEEENIUM POISONING* 

ALVIN L. MOXON aot MORRIS RHIAN 
Experiment Station Chemitlry Department^ South Dakota State College Brooklngt, S D 

Tho element eelemum was discovered bj Bericlhis and Gahn in 1817 while 
they were examinmg the sediment from a sulfuric acid plant at Gripsholm, 
Sweden Although tho total production of eclemum has no\er been very large, 
it has several important mduatnal uses, especially m the chemical, electrical, 
cemime and metallurgical industries The yearly world production of selomum 
m pence time is about 1,000,000 pounds most of which is recovered from tho 
anode slimes of copper refinencs Waitkms, Bears® and Shutt (180) have 
recently presented an excellent review on the commercial unportance of sdemum. 

Selcmum compounds arc of importance m carrymg out certam chemical re- 
actions Selemum has been useful as a dehydrogenatmg agent m deter minin g 
tho structure of complex organic compounds (137) It has also been used as 
a specific oxidant (146) and as a reagent for ascorbic acid (89) 

The greatest interest in selenium and its compounds has been aroused m rela- 
tion to its toxic effects m tho animal body Although Japha (70)’ proved ns 
early as 1842 that selemum was deffmtely toxic, it was not assooiated with 
general hvostock poisomng (“alkali disease”) until 1931 

Probably the first authentic written record of selenium poisomng ("alkah 
disease ’) m livestock is the report written in 1866 by Madison (92), an Army 
surgeon stationed at Fort Randall, territory of Nebraska ’ He described a fatal 
disease among the horses which had grased m a certain area near tho fort The 
horses lost tho long hair from tho mane and tail, and their feet became so sore 
that they were unable to move about m eeareh of food 

Soon after tho settlement of the territory around Fort Randall, about 1891, 
the farmers expenenced difficulty with the same disease that Madison had de- 
senbed They called it the "alkah disease” because they associated it with 
alkah seeps and waters of high salt content. Ei en though experiments carried 
out at tho South Dakota Expenment Station as early as 1912 and 1913 (83) (84) 
proved that suspected water did not cause the malady, the name “alkali disease” 
IS still associated with tho livestock disturbance which is now known to be chronic 
selenium poisoning 

In 1929 Franko started his mvestigations at the South Dakota Expenment 
Station which led to co-operative work with sovetal bureaus of the U S Depart- 

1 Approved for publication by the Director of tho South Dakota Acrlcoltuml 
Experiment Station 

■ Jones (Biochem J 4 405 1909) has credited Gmelln (M) with the first work on the 
effect of selenium on the animal body Tho reviewora have examined Qmellnh book and 
have failed to find anj mention of selenium 

• Part of tho chapel at Fort Randall Is Bt3l standing on its original site in southeastern 
Gregory county, South Dakota, just throe or four mfles from tho Nebraska boundary 
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ment of Agnculture and the discovery, by Robmson (146), of selenium m cereals 
which Franke had found to be toxic to laboratory animals A more detailed 
account of the early work on the selemum problem has been published (103) 
Reviews on certam phases of the selemum problem have appeared at various 
times smce the discovery of selemum m toxic grains (29) (60) (93) (97) (129) 
(154) (169) (173) (174) (180) (185) The selemum problem as it is now recog- 
nized may be summanzed bnefly as follows Soils which have been denved 
from certam geological formations contain selenium which is available to plants 
and IS absorbed by the plants to the exient that they are toxic when consumed by 
animals This toxic vegetation causes considerable hvestock losses and is, di- 
rectly and mdirectly, a hazard to pubhc health m certam areas 

In this review the present status of the selemum poisonmg problem will be 
discussed under the mam divisions of Geological Distribution of Selemum, 
Selemum m Soils, Absorption of Selemum by Plants, The Use of Selemum for 
the Control of Insects on Plants, Selemum Poisonmg m Livestock, Selemum 
Poisonmg m Poultry, Experimental Selemum Intoxication m Laboratory 
Animals, Orgamc Selemum Compounds, Pubhc Health, and Methods of Anal5^is 
for Selemum 

The Geological Dislribidion of Selemum Franke et al (49) reported the ob- 
servation that the cases of “alkah disease” of livestock encountered m their pre- 
lumnary survey all occurred on “gumbo” sods denved from Pierre shales Beath 
and co-workers (7) were the first to work on the geological distnbution of 
selemum m relation to the poisomng of livestock They had associated poison- 
ous plants with Cretaceous shales before they found selenium m the plants 
Many of these plants grow either on the unweathered shale or soils denved from 
the shale 

Cretaceous formations have contnbuted most of the selenium for the forma- 
tion of sods which produce toxic vegetation (8) (9) (14) (15) (19) (103) (113) 
(1 14) In South Dakota the Cretaceous formations have been mapped, sampled 
and analyzed for selemum (113) (114) and with the data thus obtamed it is pos- 
sible {b predict, m some detad, areas which are capable of producmg toxic vegeta- 
tion Stratigraphically the parent matenal which has produced most of the 
selemferous sods m South Dakota (113) (114) (152) occurs near the top of the 
Pierre formation m the Mobndge member, at the base of the Pierre m the Sharron 
Spnngs member, and m the upper (Smoky H ill) member of the Niobrara formation 
which hes just below the Sharron Spnngs member of the Pierre formation 

Highly selemferous sods have been denved from the Mobndge member of the 
Pierre formation m northern Nebraska and southern South Dakota Because 
of the stratigraphic position of this member of the Pierre formation it has been 
the parent matenal for sods over large areas Fortunately, the selemum content 
of the s'ods is high only m the areas adjacent to the Missoun River m the south 
central part of South Dakota and m north central Nebraska (114) To the west 
and north the selemum content of the Mobndge and the denved sods decreases 
to unimportant amounts Sods which have been denved from the Mobndge 
member are of more value for crop production than the sods vhich have been 
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denved from any of the other membera of the Pierre formation Manj of the 
soils denved from the other members are not smtable for cultivation and are 
used only for granng purposes 

The Sharron Sprmgs member nt the base of the Pierre formation contains 
considerable quantities of selenmm m South Dakota, but its outcrops are limited 
to small areas and it does not weather readily Therefore, very httle productive 
soil has been denved from it m this area 
The upper part of the Niobrara formation (Smoky Hill member) appears to 
bo seleniferous and capable of produemg toxic vegetation wherever it outcrops 
or occurs near the surface Some of the most shlemferous soils in western 
South Dakota (113) (114) Wyommg (14) (16) (74), Kansas (15) and Colorado 
(14) (16) have been denved from the Smoky Hill member of the Niobrara 
formation 

Selenium has been found in formations older than the Cretaceous formations, 
but in moat cases it appears to be present m amounts insufficient to produce 
hlpdily toxio soils or vegetation Beath, Gilbert and Eppson (10) reported that 
formations of Permian and Tnosmo ago contam sclemum m Wyoming and 
Idaho 

Williams, Lakm and Byers have reported that glacial drift contains sclemum 
m North Dakota (190) and m Canada (190) (18) Durmg the past year a de- 
tailed study has been made of a glaciated area m South Dakota on which sclemum 
‘ indicator" plants have been found (164) It was rc\ ealed that the selenmm m 
this glacial drift ocoura largely m glacial lake silts 
Small amounts of selemum are continually bemg removed from sclemferous 
soils by leachmg The Colorado Riv er Carnes appreciable quantities of selemum 
below imgated areas where dramago and seep water come from sclemferous soda 
(180) This selenium is earned to the Gulf of California Sclemum has been 
found in deponts from the bottom of the Gulf of Mexico (114) and m the sea- 
bottom deposits from various parts of the world (187) (16) The fact that 
ocean water contains no more than a trace of selemum while manne deposits, 
both ancient (Cretaceous formations) and modern, contam selenium in approci 
able quantities mdicates that the element is precipitated upon renchmg the ocean 
The mechanism for the precipitation is suggested by the work of Strock (160), 
By ers et al (19) and Olson and Jensen (124) who found that selenite selenium 
13 rapidly precipitated from solution in the presence of colloidal feme hy droxide 
Selenium has been found m small amounts in some meteorites from various 
parts of the world (17) and m rather largo amounts m v olcamc lavas from 
Hawmi (20) 

Selmtxm in Soilt Moxon, Olson and Scanght (114) have estimated that 
from 00 per cent to 80 per cent of the sclemum m the onginol geological formation 
IB lost m the sod fonmng processes Thus, soda contammg two to four parts 
per million of selenium have been formed from geological formations which 
onguinlly contamed about ten parts per million of selenium The balance of the 
selenium is lost through leaclung dunng the sod forming processes 

Much of the work which has been done in locating sclemferous sods has been 
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of a reconnaissance nature Geological formations which are known to be 
seleniferous and "mdicator” plants (11) have been of great value m these surveys 
Byers and co-workers (14) (15) (19) (77) (189) (190) have made the most ex- 
tensive surveys which have covered large areas m the Umted States and certam 
areas m Mexico (16) and Canada (18) (190) In much of the reconnaissance 
work only samples of surface soil have been taken for analysis, but the mtensive 
field studies of Olson et al (125) (126) (128) mdicate that the selemum content 
of the surface soil is of httle value m predictmg the capabfiity of the soil to pro- 
duce toxic vegetation The importance of samplmg technique m survey work 
has been pomted out by OlSon, Whitehead and Moxon (128) Samples of sods 
and vegetation taken at two hundred foot mtervals showed extremely wide 
variations m selemum content 

Byers and co-workers (19) (188) have reported that selemum occurs m soils 
m the foUovmg forms a, elemental, h, pyntic or selemde, c, selenite, d, selenate, 
and e, organic Olson and Moxon (127) found that the humus of some surface 
sods contamed up to 40 per cent of the total selemum However, recent detaded 
field studies have shown that the selemum (orgamc and inorganic) content of the 
surface sod is of httle importance as a source of selemum for plants The water 
soluble selenates m the second and third feet of the profile are the important 
source of avadable selemum for grass plants Some selemte was found m this 
water solution (128) 

Lakm, Wilhams and Byers (79) have shown that there are large areas of highly 
seleniferous sods m Hawau and Puerto Rico which do not produce toxic vegeta- 
tion They concluded that the selemum m these “non-toxic” soils occurs largely 
as a basic iron selemte which is not avadable to plants Moxon, Olson and 
Seanght (114) found that basic iron selemte was not readily avadable to plants 
m greenhouse experiments 

Hurd-Karrer (66) (66) and Byers (14) from greenhouse expenments have 
reported that the sulfate content of sods has a great influence on the absorption 
of selemum by plants In expenments earned out by the South Dakota Experi- 
ment Station (43) on field plots m a seleniferous area, the addition of sulfur faded 
to inhibit the absorption of selemum by crop plants Hurd-Karrer (68) ob- 
served that sulfates would protect plants agamst selenates but not against 
selemtes Selenates constitute the mam source of selemum avadable to plants 
nt least m some highly seleniferous sods (128) but smee the avadable selemum 
ocems in the second and third feet of the sod profile, it would be difficult to mix 
sulfates or other forms of sulfur mto the sod thoroughly enough to be of much 
practical value Purthermore, the seleniferous sods usually contam high con- 
centrations of sulfates 

Absorption of Selenium by Plants Cameron (21) appears to be the first to 
have demonstrated that plants would absorb selemum from sods to which it 
had been added He reported his work m 1880 In 1885 Khop (75) demon- 
strated that selemc and selemous acids are absorbed by plants In 1934 Beath 
et al (6) reported that certam plants could be used as “mdicators” for selemfer- 
ous sods and geological formations These “mdicator” plants are all classified 
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in the genera Stanleya, Oonopsia, XyUirrhaa and Aetragalus (certain Bpeciea) 
Field observations (8) (9) (19) (103) guggested that selenium -was eesentml for 
the groiTth of the “mdicator” plants, and TroleaBe and Trelease (170) have re- 
ported that selenium is a stimnlatmg if not an essential, element for ‘'indicator” 
plants They have also studied physologica] differences of “indicator” species, 
and "non mdioator” species of Adragalut (177) Trelease (172) has classified 
a number of speaes of Astragalus by germination tests m the presence and ab- 
sence of sodium selenite Beath, Gilbert and Eppson (11) have recently sum- 
tnanred thar extensive ivork with “mdicator” plants 

In range areas the highly seleniferous “mdicator” plants are of importance 
as a hvestock haxard In sdeniforaus farnimg areas, however, the “mdicator” 
plants are usually not ns abundant as they are m graimg areas, and because of 
the nature of the associated vegetation thoj are not especiafiy important as a 
hvestock hazard Crop plants and grasses are sources of selenium causmg hve- 
stock losses m farming areas While the selenium content of ‘mdicator” plants 
often reaches several thousand parts per milhon, the selcmum content of cereals 
IS seldom as much as one hundred parts per milhon 
There has been no satisfactory explanation for the ability of “mdicator” plants 
to absorb such largo amounts of selenium under conditions where ordinary plants 
absorb only traces of the element This certamiy, should be a chnlleogmg prob- 
lem for plant physiologists and plant biochemists 

Bobmson (147) detormmed the selenium content of wheat from various parts 
■of the world A sample from South Africa contamed 1 6 p pan.* which was 
the hipest amount found m imported samples, except for a sample from 
Saskatchewan, Canada which contamed 1 9 p p m. Samples of wheat collected 
from seleniferous areas in South Dakota contam up to 30 p pan- of selenium 
and one sample of wheat which was grown on soDa derived from the Niobrara 
formation has been found to contain 63 p pan of selemum. This is the highest 
concentration of selenium in any sample of field grown wheat collected from 
seleniferous areas Hurd Karrer (07) produced wheat contaimng 220 0 p pan. 
of selenium by adding sodium selenato to soil m the greenhouse The sample of 
wheat which contained 63 p pun of selenium was milled m an cxpcnmentnl 
mill (116) and the fractions a:^yxed for selenium. The bran contamed 88 44 
p pm , the shorts 77 18 p p m mid the patent flour 63.20 p p m. of selenium 
The percentage distribution of selemum in the fractions of this milled sample 
was comparable to the distribution of sdemum m three other samples of wheat, 
of lower selenium content, which were milled and analyzed at the some time, 
Thorvaldson and Johnson (171) of the Umvcrsity of Saskatchewan analyzed 
230 composite samples repreeentmg 2,230 mdKndual samples of wheat, mainly 
from the 1938 crop grown in the province of Saskatchewan The maximum 
selenium content of the composites was 1 6 p pjn Individual samples were 
found -with a maximum of 4 0 p pan. selenium 
Bjors and Lakin (18) analyzed a number of “mdicator" plants and a few mis- 
cellaneous plant samples from tho provmccs of Alberta, Saskatchewan and 


* p pjn parts per minion 



310 


L MOXON AND MORRIS RHIAN 


Manitoba, Canada One sample of young wheat plants from Saskatchewan 
contamed 120 p p m of selemum, another sample contained 30 p p m 

Lakm and Byers (78) determmed the selemum content of 951 samples of 
wheat and nheat products from Minnesota, North Dakota, South Dakota, 
Nebraska, Kansas, Colorado, Wyonung and Montana Shghtly more than 
30 per cent of the samples collected m South Dakota contamed over 4 0 p p m 
of selenium Five per cent of the samples from Kansas contamed over 4 0 
p p m of selemum It should be pomted out that their samples are by no means 
representatii e of wheat produced m states where selemferous areas have heen 
mapped, because they selected most of their samples m areas known to be highly 
selemferous If their samples had been picked at random like the samples col- 
lected m Canada (171) the average selemum content would have been much 
lover This might well be illustrated by the values obtamed by Moxon and 
Sebesta (119) They analyzed 86 samples of wheat grown m 1939 which were 
taken at random from 14 counties m south central South Dakota Seventy- 
two of these samples contamed less than 1 0 p p m of selemum Only one 
sample contamed over 4 0 ppm, and it contamed only 5,0 ppm It would 
have been possible to select samples with higher concentrations of selemum 
Likewise, it should be possible to select mdividual samples high m selemum 
content m other states or m Canada after a study is made of the occurrence of 
selemum on many mdividual farms as has been done m South Dakota 

Olson, Jomhn and Moxon (126) determmed the selemum content of several 
grasses and plants collected over a three-year period from fenced plots on a highly 
selemferous ranch The results mdicated that grasses contammg from 10 p p m 
to 20 ppm of selemum vill produce typical symptoms of chrome selemum 
poisomng (“alkah disease”) m cattle 

Perkms and King (136) found that selemum as sodium selemte when applied 
at rates up to 2 5 p p m of the soil m greenhouse experiments stimulated ger- 
mmation, sprmg growth and harvest weight of Tenmarq wheat Apphcatio^ 
of selemum greater than 8 0 p p m killed the wheat Lenne (87) and Sta^o 
and Olson (165) have also observed that selemum m smaU amounts stimulated 
the growth of plants For wheat plants grown m culture solutions (68), selemte 
selemum was more toxic than selenate selemum m the presence of high concentra 
tions of sulfur while the toxicities were reversed if the sulfur concentration 
was below 30 p pm 

Pamter and Franke (132) have studied the selenium sulfur relationships m 
cereal plants and concluded that although the metabolism of selemum and sulfur 
IS similar m cereal plants, it is not identical for these two elements 

The Use of Selemum for the Control of Insects on Plants The toxicity of 
selemum to msects has led to the use of some selemum compounds as contro 
measures Sprays for the control of insects on citrus frmts have been prep^ 
by dissolvmg selemum m a solution of potassium ammonium sulfide (55) The 
Umted States Department of Agnculture m 1933 issued a wammg regardmg t e 
use of selemum-containmg spray matenals, because httle was known about t e 
effects of the residues of such sprays (123) In the same year the Cahforma 
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Agncultund Expenment Station began a study of the use of Belenium-containing 
Bpmys on dtrus fruits and grapes In 1938 the results of this study were re- 
ported by Hoskms, Boj ce and lamiman (64) The selemum-eontaining spmys 
were effective for tho control of mites on citrus and grapes Based on the limited 
information available at that time, thej concluded that if the selenium sprays 
were properly used there would be no danger to pubho health, in spite of the 
relativelj hi^ selemum content of the grapes 

Hurd Karrer and Poos (69) found that aphids are killed by concentrations of 
selemum m wheat plants that are too low to cause mjury to the plants Expen 
menta earned out m Trimdad (138) have shown that cotton plants can be ren 
dered toxic to the cotton Stainer and the pmk boUworm by the apphcation of 
small amounts of sodium selenate to the sofl Neiswander and Moms (122) 
have shown that the apphcation of small amounts of selemum to soils will con- 
trol red spiders on ornamental plants They observed sigmflcant reduction m 
both mites and other insects on plants which contamed selemum. 

On the basis of present information, the apphcation of selemum to soils as a 
control measure for insects should be discouraged The concentmtions of 
selenium applied are such that many plants could be made distlnctlj toxic 

Even though some insects can be killed by addmg selenium to the soil or by 
spraymg the plants with selemum compounds, there are certain insects which 
Ihnve on highly seleniferous plants and seeds Trdease and Trelease (175) 
found weevils {Acanihoscehdet fraieratlm) and secd-chahds {Bnchaphogvt 
meacanui) completing their life cjailes m seeds of Astragalus hsuleaius The 
seeds contained 1,476 p pun of selemum Byers et al (19) found flies (possibly 
Pseudoicphnlts) hvmg on a sample of Astragalus raeemosus plants which con- 
tamed 1,800 p p jn of selemum Moxon (105) nnalned grasshoppers 
(Mdanoplus bmllatus) which were collected from seleniferous plants They 
contained as much as 20 p p m of selenium and exhibited no deletenous effects 
from the seleniferous diet 

Stlemum Pinsoning in lAvsslad, Selenium poisonmg of hvcstock has been 
divided mto two general classes chiomo and acute or sub acute (29) (103) 
The chronic tj-pe, “alkali disease " is predominant in South Dakota and in other 
states where seleniferous soils are farmed cxtensii ely It results from the con- 
sumption of vegetation, grams and forages containmg up to approximntelj 25 0 
p pun of selonium for a penod of several days or weeks The acute type, “blind 
staggers,” is the common type m Wyoming and m the range areas of other states 
where highly seleniferous “mdicator” plants are abundant These plants usually 
contam several thousand parts per million of selemum and frequently cause death 
withm a short time when consumed m relatively small amounts by hvestock, 

Draire and Heath (29) and Beath ct nl (7) (8) hav o described and discussed 
the acute type of poisonmg, 'bhnd staggers," in considerable detail The term 
“blind Btaggcis” is a rather misleading designation because tho nnunals may 
not become blmd, and they may not stagger about m all cases In the carlv 
stages the animal may stray from tho herd, there is usually a slight impairment 
of vision and tho nmmal has difficulty m judging nearness of objects m its path. 
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In the next stage the blindness usually becomes more pronounced and is ac- 
compamed m most cases by a depraved appetite and the desire to chew wood, 
bone, metal objects, etc There is also a greater tendency to wander, often 
aimlessly, m circles, and m case a sohd object is encoimtered, the animal makes 
an effort to push forward rather than to turn to one side and go around the 
object The last stage is characterized by various degrees of paralysis There 
is evidence of abdominal pam, and death results from failure of respuation, much 
the same as has been observed m dogs and rats which have been mjected with 
lethal doses of selemum (3) (39) Some of the symptoms observed by Miller 
and Williams (98) m horses, mules and cattle which had been subjected to lethal 
doses of sodium selemte were similar to the symptoms of “bhnd staggers ” 

Symptoms of the “alkah disease” or chrome selemum poisomng have been ob- 
sen^ed m a number of “alkahed” animals (29) (103) Dullness and lack of 
ntahty is a general sjnnptom The animals become emaciated, stiff and lame, 
and fail to respond to good care and selemum-free feed A promment symptom 
m horses and mules is the loss of the long hau from the mane and tail For 
this reason the chrome form of poisomng is often referred to as the “bobtailed 
disease ” This loss of hair from the mane and tail often takes place withm a 
month after horses are moved to selemferous areas Madison (92) mentioned 
the fact that symptoms of the “alkah disease” appeared m dragoon (cavalry) 
horses brought to Fort Eandall just ten days ^ter they amved from Fort 
Lookout and from Big Sioux River (eastern South Dakota) Of special mterest 
to the reviewers is the fact that the horses arrived at Fort Randall (from non- 
selemferous areas) on August 10, smee it has been our observation that sjTnptoms 
of “alkah disease” usually start to appear at about this tune of year in anunals 
on selemferous ranges The appearance of the symptoms usually follows very 
closely the occurrence of hot wmds which dry the green vegetation 

The loss of long hair from the mane and tail m horses and mules, and the loss 
of the long hair from the switch of cattle is usually accompamed or followed 
shortly by lameness and soreness of the feet Swellmg appears at the coronary 
band In very mild cases there may be no further change although the animals 
may be lame for some tune In severe cases a gradual separation of the wall 
of the hoof occurs below the coronary band, and a new growth of hoof starts 
at the coronary band In some cases the old hoof is sloughed off and m others 
it remains attached to the new growth until the new hoof has grown to normal 
length In cattle the old hoof usually remains attached to the new growth and 
m cases where there have been several attacks the old ragged hoofs may be 8 or 
10 mches long and turned upwards at the end Dunng the tune the anunals 
are sloughmg the old hoofs and growmg new ones they are very lame and 
often are m severe pam Usually they do not move about much and unless 
feed and water are withm easy reach, death may result from starvation and 
thirst 

As a result of placental transmission of selemum (183) animals may be bom 
with hoofs which show the effects of selemum poisomng (103) (165) 

IMiUer and Williams (99) produced chrome selemum poisomng m horses and 
mules by feedmg small daily doses of sodium selemte over long penods of time 
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The symptoms were mmiliir to those ot the "alkah disease” but were not qmto 
as pronounced 

In hogs the symptoms of “alkah disease” are emaciation, lameness, loss of 
hair from the body and irregular growth of the hoofs with occasional slou^img 
of the hoofs similar to the condition m cattle and horses When young pigs 
are fed com contaimng 10 p pan to 16 p pan. of selenium, the symptoms appear 
withm two or three weeks 

Beath (6) has observed that sheep on seleniferous ranges produce Iambs with 
abnormal oycs and deformed feet In 1936 Drame and Beath (29) pnbhshed 
data on 100 autopsies of cattle and sheep suffermg from either “bhnd staggers” 
or “alkah disease ” This report covers both gross pathology and microscopic 
pathology Followmg is a brief Bummary of their report. 

Pathology of "blind ttaggen ” Atony of the smooth muscles of the gastro- 
mtestinal tract, gaH bladder and bladder is common The blood vessels of the 
viscera are congested In wmter coses impaction of the rumen is usually ob- 
served A stasia of the food material is evident also m the omasum. The 
abomasum and upper small mtestme show irritation ot varying degrees and 
petechial hemorrhages and ulceration are noted m severe cases The large 
mtestine is usually free from untation Peritoneal blood v essds are congested 
and ascites is common 

The hver is acutely congested and areas of focal necroos appear early in the 
intowcation These necroUo areas appear to be connective tissue scars which 
on contraction form pita upon the surface of the organ Cirrhosis is not as 
prevalent m “bhnd staggers ’ as it is in “alkali disease” The gall bladder may 
be enlarged to twice normal sire and the waDs often exhibit mucoid degeneration 
and congestion of the blood vessels There la congestion m the medulla of the 
kidney and kidney stones are not uncommon in the more advanced cases 

Exanunation of the heart revealed endocarditis, myocarditis and petechial 
hemorrhages of the epicardium Erosion of the long bones, especially the tibia, 
IS found in about two-thirds of the cases In typical cases of “bhnd staggers” 
the hoofs are not mvolv ed 

"Alkalt disease " The lesions ot "alklni disease” are of much more chrome 
nature than those of “bhnd staggers ” At autopsy tho heart and hver show 
the most severe lesions In tho advanced cases the heart is invariably atrophied 
(dish rag) and shows evidence of decompensation Bundles of muscle 6bera 
appear to bo separated by a sero-fibrmous exudate Petechial hemorrhages on 
the opicardium are not as common as in “bimd staggers” but endocarditis and 
myocarditis are prevalent. 

The hvor is cirrhotic and often atrophied hbcroscopic examination reveals 
changes typical of cirthosis. Tho kidney is usually severely damaged m the 
“alkah disease” and glomerulo-nephntls is obsen ed m many cases Both the 
medulla and cortex of tho adrenals are hemorrhagic Lesions m tho gastro- 
mtestmal tract are of tho same general character as observ ed in “blmd staggers” 
except that tho mtense irritation is not observed Erosion of the jomts ot tho 
long bones is common m "alkah disease ’ 

A high mcidcnco of anemia is found m both ‘ alkali disease” and “bhnd stag 
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gers ” The reviewers have observed that the hemoglobin content of the blood 
can be used to detect early stages of the “alkah disease” m cattle In severe 
cases the hemoglobm may drop as low as 7 0 grams per cent (164) 

Selentum Poisoning in PovUry Poor hatchabihty of eggs has always been 
a common complamt among farmers m “alkahed” or seleniferous areas and this 
defect can be used as an aid m locatmg such areas Hatchabihty is influenced 
by concentrations of selemum m the feeds that are too low to cause manifest 
S 3 Tnptoms of poisomng m other farm animals Chicks that do hatch from 
seleniferous eggs are weak and have a wuy appearmg down Experimental 
work has shown that the developmg chick embryo is extremely sensitive to 
selemum poisomng 

Before selemum was suspected as tl^e cause of “alkah disease,” Franke and 
TuUy (50) obtamed eggs from a farm m an “alkahed” area and mcubated them 
at the South Dakota Agncultural Experiment Station Contrary to the pop- 
ular behef, nearly all the eggs were fertile Upon exammafcion only 6 out of 
133 eggs showed no signs of a developmg embryo However, only 5 chicks 
actually hatched, and 2 of these died withm 2 days The rest of the fertile eggs 
contamed deformed embryos m various stages of development Some of the 
monsters were alive but were unable to make their way from the shell because 
of their deformities In most of the monsters the upper beak was very short or 
missmg, many of the embryos had deformed legs and wmgs and some lacked eyes 
TuUy and Franke (178) then found that a ration contammg 65 per cent of 
grain from an “alkah^” area inhibited growth of chicks, mitial egg production 
of pullets was delayed and total egg production was reduced Later, after 
Robinson (146) found selemum m the toxic wheat which Franke had supphed, 
it was shoivn (103) that morgamc selemum produced the same effects m chickens 
as had previously been noted from toxic grams This work has also shown that 
chickens appear to be more sensitive to poisomng by morgamc selemum than 
white rats Decreased feed mtake and production of monsters m the eggs was 
noted when White Leghorn hens were fed a ration contammg 3 5 p p m of se- 
lemum as sodium selemte 

In the ration of young chicks 8 p p m of selemum as sodium selemte caused 
depression m growth, but 4 p p m had no apparent effect 
As further evidence that the deformities of the embryos were caused by selen- 
ium Franke et al (38) mjected small amounts of sodium selemte mto the air 
cells of fertile eggs before mcubation Selemum m amounts as low as 0 0005 
mgm per egg (01 ppm) caused typical deformed embryos 

^Tien rations contammg seleniferous grains (15 ppm selemum m ration) 
were fed to laymg hens for seven daj^ the hatchabihty of the eggs decreased 
to zero but returned to normal m seven days after the hens were changed back 
to selemum-free rations (140) One per cent of elemental sulfur m seleniferous 
rations failed to affect the toxic action of selemum 
Poley and Moxon (139) studied the tolerance levels of selemum m laymg 
rations Selemum at a level of 2 5 ppm had no appreciable effect upon 
hatchabihty, at a level of 5 0 p p m hatchabihty was reduced shghtly, and at 
a level of 10 Op pm hatchabihty was reduced to zero It has been recommended 
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that startuig rations for chicks contain less than 6 p pjn. of selenium (141) 
The seleraiun content of meat and eggs from hens -which had been fed a selem- 
ferous ration lor six weeks -Was reported by Moxon and Poley (110) When the 
ration contemed more than 2 6 p pan. of selemum, the meat and eggs contamed 
concentrations of selemum m excess of the suggested tolerance lunit for foods 
(16) (121) 

Landauer (80) studied the effect of chrome selemum mtoxication m laymg 
Creeper hens on their progeny He found that the Creeper mutation exag 
gerated the mterferenco with normal development caused by selemum. Except 
for this study bj Landauer, all of the published work on selenium poisomng in 
poultry has been done at the South Dakota Agncultural Experiment Station 

Bxpenmmial ttiermm intoxtcatum in laboratory anxmdU The expenroental 
mveatigation of the action of selemum on the animal body has been sUraulated 
by two mtercsts The earhest mtereet was m the action of toxic doses of 
selenium to show the pharmacological relationship of this element to other well 
known poisons The second interest is m the effect of relatively small amounts 
of selenium ingested over a long period of time It is now recognued that 
chrome selemum poisonmg of animals has been kno-wn for nearly a century, 
but the possibihty of widespread chronic sdcnosis m humans has been recognised 
only m the past decade 

Acidc toxicity of ttlenium Csapek and Weil (27) credit Japha (70) with the 
first mvcstlgation of the toxicity of selenium Japha reported In 1842 on the 
action of mctalhc selemum and various selemum salts on men and animals 
His subjects were chiefly local animals and himself Eabutcau (143) in 1809 
published the results of his in\ estigations on the properties and elimination of 
selomum (and tellurium) from the animal body Ho contended that character 
istio blood changes were produced, and that death was duo to mechanical effect 
of certam crystals formed m the blood 

As the result of work extending o\cr several years, Crnpok and Weil (27) 
reported the pharmacological action of toxic doses of selemum on cold blooded 
animals (the frog) and warm blooded animals (rabbits, cats and dogs) They 
used sodium sclemto and selemous acid as sources of selemum, assuramg that 
the sclenates were toxic to the animal only after reduction to edomto. The 
principal results and conclusions of Csapek and I\ eil’s -work may be summanred 
as follows 

The letlial dose for the frog is less than 0 1 mgra of selemum The essential 
action IS a narcosis of the central nervous system followed by stoppage of the 
heart in an engorged condition m diastole In general the action of the sodium 
selenite on the heart -was contrary to that of digitalis, and the two compounds 
counteract each other to a certam extent Thev concluded that sodium selen 
ite acts on the ganglia of the heart or some other regulatory mcchnnisra rather 
than directly on the heart muscle itself Death is due to a combination of the 
effects on the heart rmd on the central nervous Bvstcra There was no dif 
fercncc between the action of sodium selemte and sodiumarsemtebut the latter 
seemed to kill frogs more quickly in the same dose 

In warm blooded animals the first simptoms appear about 5 rmnutes after 
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gers ” The reviewers have observed that the hemoglobin content of the blood 
can be used to detect early stages of the “alkah disease” m cattle In severe 
cases the hemoglobm may drop as low as 7 0 grams per cent (164) 

Selenium, Poisoning in Poultry Poor hatchabihty of eggs has always been 
a common complamt among farmers m “alkahed” or seleniferous areas and this 
defect can be used as an aid m locatmg such areas Hatchabihty is influenced 
by concentrations of selemum m the feeds that are too low to cause manifest 
symptoms of poisonmg m other farm animals Chicks that do hatch from 
selemferous eggs are weak and have a wiry appeanng down Experimental 
work has shown that the developmg chick embryo is extremely sensitive to 
selemum poisonmg 

Before selemum was suspected as tl^e cause of “alkah disease,” Franke and 
TuUy (50) obtamed eggs from a farm m an “alkahed” area and mcubated them 
at the South Dakota Agncultural Experiment Station Contrary to the pop- 
ular behef, nearly all the eggs were fertile Upon exammafcion only 6 out of 
133 eggs showed no signs of a developing embryo However, only 6 chicks 
actually hatched, and 2 of these died within 2 da}^ The rest of the fertile eggs 
contamed deformed embryos m various stages of development Some of the 
monsters were ahve but were unable to make their way from the shell because 
of their deformities In most of the monsters the upper beak was very short or 
missmg, many of the embryos had deformed legs and wmgs and some lacked eyes 
Tully and Franke (178) then found that a ration contammg 65 per cent of 
gram from an “alkahed” area inhibited growth of chicks, mitial egg production 
of pullets was delayed and total egg production was reduced Later, after 
Robinson (146) found selemum m the toxic wheat which Franke had supphed, 
it was shown (103) that morgamc selemum produced the same effects m chickens 
as had previously been noted from toxic grains This work has also shown that 
chickens appear to be more sensitive to poisonmg by morgamc selemum than 
white rats Decreased feed mtake and production of monsters m the eggs was 
noted when White Leghorn hens were fed a ration contammg 3 5 p p m of se- 
lenium as sodium selemte 

In the ration of young chicks 8 p p m of selemum as sodium selemte caused 
depression m growth, but 4 p p m had no apparent effect 
As further evidence that the deformities of the embryos were caused by selen- 
ium Franke et al (38) mjected small amounts of sodium selemte mto the air 
cells of fertile eggs before mcubation Selemum m amounts as low as 0 0005 
mgm per egg (0 1 p p jn ) caused typical deformed embryos 

When rations contammg selemferous grams (15 ppm selemum m ration) 
were fed to lasung hens for seven days the hatchabihty of the eggs decreased 
to zero but returned to normal m seven days after the hens were changed back 
to selemum-free rations (140) One per cent of elemental sulfur m seleniferous 
rations faded to affect the toxic action of selenmm 

Foley and Moxon (139) studied the tolerance levels of selenium m laymg 
rations Selemum at a level of 2 5 ppm had no appreciable effect upon 
hatchabihty, at a level of 5 0 p p m hatchabihty was r^uced shghtly, and ^ 
a level of 10 Op p m hatchabihty was reduced to zero It has been recommended 
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namdy 4 0 mgm per kgm All reporta agree that eelenlum metal is non toxic 
because of its insolubibty 

In determmmg the relntiv e toxicitj of arsenic, selenium, tellunum and vana- 
dium Franlce and Moxon (39) admuustered the sodium salts of all the elements 
by mtrapcntoneal mjection The relative toxicity m decreasmg order was 
tellunte, selemte, vanadate, areemte, selenatc, arsenate and tellurata No 
deaths were noted from 160 0 mgm /hgm. of molybdenum ns ammonium 
molybdate 

Smith, Stohlman and LiUie (169) noted that repeated small doses of selenium 
were cumulative m effect, although the amount required to kill m this manner 
was greater than m a smg)e dose They found no evidence of a tolerance bemg 
acquired, as had been reported by Modica (101) Marked mdmdual variation 
m susceptibility to selemum toxicity was noted for rats, cats, and rabbits, and 
the same has been reported for dogs (3) 

The charactenstic blood changes which Rabuteau (143) ascribed to selemum 
poisoning have not been observed by subsequent mvestigatora (20) (27) (196) 
The only recent study of the changes m the blood picture due to acute selenium 
poisomng IS that of Anderson and Moxon (3) They summarlrcd tho char- 
acteristic blood changes m dogs ns follows Marked rise in hemoglobm and as 
much ns 62 per cent rise m hematocrit Decrease m morganic phosphorus, non- 
protem mtrogen, calcium, ascorbm acid, and blood sugar Reduction m ^u- 
tathione content of tho blood was mdicated No effort was made to dotermme 
tho presence of tho charactenstio crystals m the blood desenbed by Rabuteau, 
but not found by other workers 

Recently Moxon and Rhian (117) have mvestigatcd the effects of mnsavo 
doses of selenium ns sodium selemte (20 mgm /kgm ) administered subcutane- 
ously to dogs It has been obeerved that death results m 25 to 30 inmutes after 
administration of the selemum. This observation may be used for companson 
with other miTstigntorB' reports that doses of 4 mgm./kgm or more of selenium 
result m death "In a few rmnutes,” or ‘ m a relatively short time ” 

That tho toxicity of sodium solenito mjected mtrapentoneaHv can be m- 
ffucnccd by other compounds was reported by DuBois, Rhinn and Moxon (31) 
Reduced glutathione, m a ratio of 10 moles to one mole of selenium, when m 
jected two hours before the selemum prevented death m 8 of 10 rats given 3 0 
to 3 5 mgm of selenium per kilogrnm Tho same amount of glutathione was 
ineffcctivo when 4 0 mgm /kgm of selenium was giv cn, showmg that large ex- 
cesses of GSH are necessary for the protective effect 
Dudley (34) has reported that selenium oxychloride is extremely v esicant and 
to-xic IVhen 0 01 co was applied to the skin of a rabbit death occurred m less 
than 24 hours Tho ronewere hav e noted that one drop of the compound ap- 
plied to the skm of a dog produced death in a few hours 
Sub-<icute and chronic toxicUy of eclcntum The comprehcnsivo investigation 
of the chrome toxicity of selenium was begun by Frnnke m 1928 as stated 
carher m this review Since then many mv eshgators hav c shown that symp- 
toms produced by feeding naturally toxic (selcniferous) rations and normal 



318 


ALVIN L MOXON AND MORRIS RHIAN 


(selemum-free) rations with added inorganic selenium are virtually identical 
(40) (44) (46) (57) (94) (121) (150) The more important symptoms of sub- 
acute selemum poisonmg m the white rat descnbed by Franke (36) and Franke 
and Potter (45) may be summarized as foUows a, marked restriction of food 
mtake, 6, decreased groVii,h, c, marked, progressive anemia, and d, defimte 
pathological changes especially m the hver Rats fed a diet with a selemum 
content which produces a condition of sub-acute toxicity restrict their food con- 
sumption to as little as 25 per cent of that of rats fed a similar diet without 
selemum Most of the rats assume a characteristic hunched posture In a 
few cases the hmd legs become paralyzed The fur becomes rough and is 
stamed a dark yellow around the gemtals In rats that die m a short tune, gross 
pathology is not evident The most marked sjmiptora is dilatation of the vems 
of the visceral region The lungs and hver usually have a congested appearance 
The reproductive organs are undeveloped and may show degeneration The m- 
testmes show evidence of hemorrhage, the animals are jaundiced and veiy 
emaciated 

Rats fed a ration with a lower selemum content may be said to show symptoms 
of chrome poisonmg They may show shght mcreases m weight and appear 
to be m fair condition, but their reproduction may be impaired (48) In many 
cases a defimte breakdown of vital organs takes place They develop an anemia 
of progressive seventy and die with hemoglobm levels as low as 2 0 grams per 
100 cc blood The most outstandmg pathology is m the hver which is atro- 
phied, necrotic, cirrhotic and hemorrhagic m varying degrees In cases of 
active hver regeneration it is usually found that the nght lateral and/or the 
caudate lobes are hypertrophied The left lateral and central lobes are most 
susceptible to atrophy In many cases the heart and the spleen are enlarged 
Ascites and pleural edema are common In some instances death results from 
mtemal hemorrhage from the hver Lilhe and Smith (91) have studied the 
histogenesis of the hver changes associated with chronic selenosis 
Recogmzmg that there are mdividual variations it may be said that m general 
symptoms of chrome poisonmg m rats are common when the ration contains 
5tol5ppm of selemum, and sub-acute symptoms are produced when the 
ration contains 15 to 25 p p m selemum or more 
The tendency for range animals to avoid certain plants, or the common 
vegetation of well-defined areas, has long been recognized m relation to “alkah 
disease ” An analogous situation has been shown to exist m laboratory feedmg 
trials Rats given a choice of rations invariably avoided those contammg either 
naturall 3 '’ occurrmg selemum or sodium selemte (47) Miller and Schoenmg 
(100) noted that young pigs were loath to eat com contammg selemum Admit- 
tedlj’-, the lower food mtake of the animals accounts for some of the sjanptoms 
of selemum toxicity, but Franke and Potter (45), Franke and Pamter (42) and 
Munsell, DeVaney and Kennedy (121) have shown that the other symptoms and 
at least part of the growth effect are due to the selemum m the ration 
Relatively bttle experimental work on chrome selemum poisonmg has been 
done with laboratory animals other than the rat Smith, Westfall and Stohl- 
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man (161) (162), Smith, Stohlman and LiUie (169), and Weatfall, Stohlman and 
Smith (183) have reported m\ eatigntions using cats and rabbits Mo-ron (107) 
studied selemum poisonmg m piga under laboratory conditions and Rhian and 
Moxon (144) ba\e used 34 dogs m studies on the toxicity of orally mgested 
selenium Elliaetal (35) have studied selemum poisonmg m fishes which were 
kept m water contauung small amounts of selemum 
Smith and hia co-workers have been especially mterested m securmg informa 
tion on the chrome toxicitj of selemum that may bo directly applicable to mter- 
pretation of their survey data on selemum poisomng in humans Thej noted 
m some of their woric (161) that the susceptibUitj of the cat, rabbit and rat to 
selemum poisomng decreased m that order The cat, m common with other 
carmi ora, showed more mtestinal symptoms than the rabbit It is also mter 
estmg that these mvcstigators have found no anemia m cats suffering from 
chrome selemum poisonmg In later reports (166) (167) they concluded that 
the species differences m susceptibility could be accounted for on the basis of 
the selemum protem ratio of the diet It is still questionable whether this 
conclusion can be apphed to species differences mentioned m other reports 
In their work mth dogs, Rhian and Moxon (144) found that these anunals 
exhibited most of the symptoms shown bj the rat and many shown by larger 
(farm) anunals In general the dog is more susceptible to chronic selemum 
poisomng tlian the rat 

The prmcipal simptoms of chronic or sub-acute selemum poisomng described 
for the dog are as follows 

As shown bj voluntarj restnction of food mtake and sub normal growth, aa 
little as 7 2 p pm of selenium in the ration in the natural form fm com) and 10 
p p m as added sodnim selemtc wore tone As added sodium selenite, 20 p p m. 
selenium m the ration induced almost complete refusal of food and death m a 
1 ery short time This amount of selemum m the natural form produced severe 
nenous disordcre (rescmblmg blind staggers”) Patbologicallj the liver 
and spleen were most severclj affected Small localiied hemorrhages were noted 
in the mteshnes Sci ere asates was quite common The dogs became mark- 
edly emaciated and the hair become coarse and rough In the later stages of 
intoxication apathy was common 

Chronic or sub-acute selemum poisomng has little effect on the comraonlj 
detemuned blood constituents of the dog, except hemoglobin Anemia m dogs 
becomes progressivelj more sex ere as the selenium poisonmg progresses, termmal 
X alues for hcmoglobm bemg as low as 3 6 grams per cent Phosphatase actinty 
of the blood is increased and non protein nitrogen is slightly reduced 
Dtstribuhon of eclmium tn the body The occurrence of selemum in the nnimnl 
bodj has been shown to be related to the amount and form of selemum ad- 
mmiatcrcd and length of time of administration Dudlej (32) lias studied 
the distribution of selenium in acute cases of poisomng and Smith, Westfall 
and Stohlman (161) have summamed the lunltcd information axailable up to 
1037, on the distribution of selenium in the animal bodj 
In cases of acute selemum toxicitj , there is excretion of sdenmm os a \ olatile. 
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very odoriferous compound m the breath It has been claimed that this com- 
poimd IS methyl selemde (61), but defimte proof of this is lackmg (161) Miller 
and Williams (98) obtamed some information on the amount of selemum retamed 
by horses, mules, pigs, and a calf m cases of acute poisonmg In general they 
found selemum m aU tissues exammed except hide and hair The kidney, hver, 
lung and spleen mvanably contamed the most selemum, and its occurrence in 
less active tissues of the body was apparently m direct ratio to the time of 
survival 

Snuth, Westfall and Stohlman (162) studied the distnbution of selemum m 
doses up to two-thirds of the mimmiim lethal dose It was noted that as soon 
as 5 mmutes after the mtravenous mjection of sodium selemte the concentration 
m the kidney exceeded that m the blood The selemum content of the kidney 
and hver mcreased, and that of the blood decreased for 6 hours after which there 
was a contmued gradual excretion of the selemum from all parts of the body 
It was noted that m all cases the concentration of selemum m the red blood 
cells was greater than that m the blood plasma 

Through the use of radioactive selemum McConnell (95) has studied the dis- 
tnbution of a smgle sub-toxic dose of sodium selenate m the body of the rat up 
to 96 hours after administration A wide but varied distnbution of selemum 
was found m the tissues exammed The greatest concentration of selemum 
was found m the hver, muscle, gastro-mtestmal tract and blood Lesser 
amounts of selemum were found m lung, spleen, heart and tumor and none was 
foimd after 24 hours m skm, fur, teeth or long bones Small amounts were 
deposited in tumor tissue Selemum was excreted chiefly through the kidney, 
only a small amount bemg excreted m the feces In a later report (96) it was 
noted that 3 to 10 per cent of a smgle dose of selemum was exhaled m the first 
24 hours The volatile compound was not identified 

The distnbution of selemum m the animal body after chrome poisonmg has 
been studied thoroughly by Dudley (32), Smith, Westfall and Stohlman (161), 
Munsell, DeVaney and Kennedy (121), Moxon (103), Rhian and Moxon (144) 
and Anderson and Moxon (1) 

After oral administration of selemum to produce chrome poisonmg, all the 
tissues of the body contam some selemum To some extent, the amount and 
kmd of selemum m the ration and the length of the penod of a dm i nis tration 
influence the amounts m various tissues Munsell, DeVaney and Kennedy (121) 
found that when rats were fed a selemferous ration over a long penod of tune, 
the ‘selemum content mcreased to a maximum dunng the first 4 to 8 weeks of 
feeding and remamed constant thereafter If the poisonmg did not become 
mcreasmgly severe, the excretion balanced the mtake Excretion takes place 
through three channels, the breath, urme and feces Smith, Westfall and 
Stohlman (161) have shown that m the cat 50 to 80 per cent of the total sele- 
mum IS excreted m the urme and from a trace up to 18 per cent m the feces 

In the body the highest concentration of selemum is found m the hver, kid- 
nej^, spleen, pancreas, and limg Other less active tissues contam relatively 
much less selenium It was noted (162) that more selemum is retamed m the 
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body ivhen the ration contains naturally occurring organic selenium than when 
it contains sodium selenite. Conversely, urinary ercretion of sodium selenite 
IS greater Usmg a ration contanung 18 p p m selenium, Anderson and Moxon 
(1) usmg smaller concentrations of selenium than used by Smith, Westfall and 
Stohlman, noted no difference m retention of naturally oocumng selemumand 
sodium selemte Retention of selenium was a maximum dunng the first week 
of feeding, and steadily decreased after that tune. When the rats were placed 
on a selenium free ration, most of the selenium was excreted from the body 
withm two weeks after the change Individual vanation m selemum content 
of the tissues is very marked (144) 

Data obtained by the reviewers and others (164) mdicate that when cattle 
graie on naturally selemferous plants, the distribution of selemum in the body 
IS quahtatively the same as that noted for experimental animals For eight 
steers that had been on selemferous range for two seasons the average analysis 
of body tissues (on the fresh weight) showed a concentration of 3 05 p pmi 
selemum in the hoof, 2.2 p pjn m the kidney and 1.2 p pjn. m the hver All 
the other parts of the carcass were lower m selenium content, the muscle con- 
taining 0 88 p pun For 30 steers that had been on the same range for three 
seasons the average selenium content of the hver was 6 7 p p m , the kidney 4 1 
p pan , and the muscle 3 0 p pan. 

The charncteristic pathology of the stomach noted in chrome selenium poison 
ing has aroused mterest in its effect on the function of this organ Smith and 
Stohlman (168) have reviewed the meager hterature on this subject up to 1940 
In their own experiments they found that chrome selemum poisoning m rats 
and cats had no essential effect on free or total gastric aciditj 

From a study of the effects of chronic selenium poisomng on hicr function 
ra rabbits and cats. Smith, Westfall and Stohlman (103) concluded that hver 
function measured hy the rose bengal, bihrubm and hippunc acid testa could be 
correlated with the structural changes m the hver The rose bengal test was 
most scnsitivo m mcasurmg liver dysfunction due to sclenosis 

A number of mvcstigators have commented on the effect of selenium on blood 
sugar and Iher glycogen. Wnght summnnied the information available to 
1941 (194) From his own work he concluded that doses of sodium selemte 
greater than 6 0 mgm Agm cause mcrease m blood sugar and over 10 0 mgm 
cause decrease in hver glycogen m the rat. In the rabbit, 3 0 mgm /kem 
cause an increase m blood sugar, followed m the fasted rabbit by a sharp fall 
preceding death. He also noted that fasted rats mjected with sodium selemte 
hai 0 a lowered glucose tolerance and dclaj'cd deposition of hver ^yeogen from 
the mjected glucose The observations of Svirbely (170) and Lardy and Moxon 
(82) suggest that ascorbic acid maj plaj an important r61o m the detoxification 
of selemum 

Effect of tdcniim on the blood Franko and Potter (46) observed that one 
of the svmptoms of chrome selemum poisomng m rats was n progrcssii o anemia 
Terminal values as low as 2 0 grams per cent hemo^obin were noted This 
effect was first noted when the ration contained naturally toxic grain and has 
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been shown to be caused also by rations containing sodium selemte (46) (160) 
Smith, Stohlman and Lilhe (159) have further studied the arifiTmf t. of the rat 
and observed that the chief characteristics are “relatively low hemoglobm 
compared to the red count, marked reticulocytosis which at times may be as 
high as 80 per cent, anisocytosis, polychromatophiha and normoblasts m greater 
or lesser numbers ” — “The anemia when well developed is essentially microcsdic 
and hypochromic ” These same workers observed that cats seem to be less 
mchned to show anemia m chrome selemum poisonmg Only two out of fourteen 
cats given daily doses of 0 2 to 0 25 mgm selemum per kilogram showed def- 
mite fl.Tip.mifl, 

Progressive anemia is a constant symptom of selemum poisonmg m dogs 
(144) Hemoglobm values of 4 0 grams per cent were noted m dogs that hved 
a relatively long tune on a ration contammg selemum In other instances, 
terminal values of 3 5 grams per cent have been observed m young puppies 
severely affected by chrome selemum poisonmg (117) 

Aside from the characteristic anemia, chrome selemum poisonmg of the dog 
seems to have no characteristic effect on the blood picture (144) Prehmmary 
data mdicate an elevation of blood phosphatase values, and a shght reduction 
m non-protem mtrogen (This effect on phosphatase is contrary to that 
observed by Bauer (4) ) 

Observations on the blood picture of cattle grazmg on selemferous range have 
failed to reveal any pronounced changes except for the hemoglobm levels (164) 

The effect of dietary factors on selemum poisoning Early m the investigation 
of the “alkah disease,” Franke and co-workers (103) attempted to find a dietary 
factor (or factors) that would prevent or reduce the toxicity of selemferous ra- 
tions Vanous feedmg tnals with rats showed that changmg the calcium and 
phosphorus content (2 8 per cent to 11 2 per cent tn-calcium phosphate) and the 
Ca P ratio of the ration (1 2 to 1 6) had no beneficial effect That vitamms 
A and D had no close relationship to selemum poisonmg was shown by feedmg 
a ration contammg up to 4 per cent of cod hver oil Yeast as a source of vitamm 
B complex (up to 0 8 gram per rat per day as a supplement) had no beneficial 
effect The combmed effect of supplements of orange juice, dry yeast and cod 
hver oil gave improved growth to rats but did not change the characteristic 
pathology due to selemum In more recent work (164) it has been noted that 
daily administration of crystallme vitaimn Bi (either orally or by mjection) to 
rats fed a ration contammg 12 p p m of selemum greatly mcreased the seventy 
of the symptoms 

Cystme to the extent of 6 per cent of the ration had no alleviatmg effects on 
selemum poisonmg and at the higher level seemed to be shghtly toxic itself 
Schneider (150) also fed cystme at concentrations of 0 2, 0 4, and 0 6 per cent of 
the ration and noted no beneficial results Sulfur fed at 0 5 per cent of the ration 
was not beneficial m selemum poisomng and itself was shghtly detrimental to 
rats and chickens (103) 

The effect of the protem content of the ration on selemum poisonmg has been 
mvestigated (56) (90) (103) (153) (157) From feedmg rations of high, normal. 



“t's:*' " S2" “SSs "' 

”'««^i:“:"""»"5^""*"2g*,''r‘>” ic" “"" 


”?s.c*sils;5 f • Ss'“£s,'cfe" 

'»5 "«ii“ pp^'^ISoSi '?■ “W iCJ'‘™ •Onoii?'”' •ui 


324 


ALVIN L MOXON AND MORKIB HHIAN 


Effect of other elements In experiments designed to show the effect of certam 
other elements administered concurrently with selemum (104) (110) (164) it 
has been noted that fluonne, molybdenum, chromium, vanadium, cadmium, 
zmc, cobalt, mckel and uramum caused an mcrease m mortahty All these 
elements were given m the drmkmg water at a concentration of 5 p p m with a 
ration contairung 11 p p m selemum The same amount of soluble tungsten 
prevented, to a limited extent, the typical hver lesions caused by selemum and 
decreased mortahty A level of 2 5 p p m tungsten reduced mortahty shghtly 
but did not prevent hver lesions 

Surpnsmgly enough, 5 p p m of arsemc as sodium arsemte administered m the 
same manner completely prevented the symptoms of selemum poisonmg 
Greater feed consumption and better growth resulted from givmg 2 5 p p m of 
arsemc, but hver lesions were not entirely prevented DuBois, Moxon and 
Olson (30) have further shown that sodium arsemte and arsenate are equally 
effective m counteractmg the effect of selemum m selemferous wheat, while 
arsemc sulfides (AsSj and AsSs) are meffectave Sodium arsemte was equally 
effective against selemum m the form of selemferous wheat, sodium selemte 
and the selemum analogue of cystme It was noted that 10 p p m arsemc m the 
ration gave shghtly better results than 5 p p m m the drmkmg water, due to a 
shghtly higher arsemc mtake Arsemc was effective m treatmg rats that had 
been fed the selemferous ration for 20 days previous to beginnmg the arsemc 
treatment, but was meffective after the rats had been on the toxic ration for 
30 days 

Lead had no effect on the toxicity of selemum, but bismuth (submtrate) had a 
shghtly beneficial effect 

It has been noted that growmg chicks are more sensitive to arsemc than rats or 
dogs, and the arsemc treatment of chicks is thus less successful than the treat- 
ment of rats or dogs (108) 

Subsequent work with chickens (108) has shown that 10 p p m of arsemc m 
the d rinkin g water nearly counteracts the effect of 14 p p m of selemum in the 
ration More recent studies (164) have shomi that arsemc markedly improves 
hatchabihty of eggs from hens fed a selemferous ration 

Moxon (107) hfiK reported prevention by arsemc of selemum poisomng m a pig 
raised under laboratory conditions, and Rhian and Moxon (144) have shown that 
6 p p m of arsemc m the drmkmg water wiU prevent selemum poisonmg m dogs 
fed a ration contammg approximately 10 p p m selemum 

Recent work in the reviewers’ laboratory (164) has further substantiated the 
relationship of the time of administration of selemum and arsemc noted by 
DuBois, Moxon, and Olson (30) When an amount of selemum eqmvalent to 
that consumed m a ration contammg 12 p p m selemum was mjected daily and 
5 p pan of arsemc m the water was given ad hb , death resulted m over half the 
animals When the selemum was given m the ration and arsemc eqmvalent of 
that consumed m the water was mjected daily, no deaths resulted When the 
selemum was m the ration and arsemc m the water, no deaths resulted 
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Arsenic m the form of cortmn organic compounds (neoarsphenamme and 
BulfaiBphenamme) equivalent to 6 p p m. arsenic in the drinking water, was not 
quite as effective as sodium arsemte at the same level of arsenic. 

It has been noted that antimony trichloride fed m the ration has about the 
same activity ns orgamo arsenic m preventing selemum poisomng Sodium 
antimoniato has given no protection against selenium poisonmg 

Effect of certain organic compounds Stekol (166) showed that bromobenicne 
and naphthalene were detoxiffed m the body of the rat, dog and rabbit by conjuga 
taon with tissue cystme and methionine and excreted in the urme as p-bromo- 
phenyl mercaptuno acid The close relationship between sulfur and selemum 
compounds suggested an mvestigation of the action of bromobeniene and similar 
compounds in selenium poisonmg Moron et al (118) reported that adnunistm 
tion of bromobenicno to rats and dogs fed a seleniferous ration increased the 
urinary selenium output. Moron (108) noted that administration of cither 
bromobenzene, benzene or naphthalene to steers grazing on seleniferous range 
caused a nse in urmary selenium output The selemum content of the blood 
decreased m most cases This obeervatlon suggests that these aromatic com 
pounds aid m convertmg tissue selemum mto a compound that is readily ex 
creted from the kidney 

These observahons suggest that much more work should be done on the 
nature of compounds that will promote excretion of selenium from the an i m al 
body 

Effect of selemum on entgme systems That sdemum has direct effect on cor 
tarn umcellular organisms and enzyme systems has been known for many years 
Czapek and Weil (27) state that Chabne (22) had found sodium selemte to 
inhi bit alcohoho fermentation They concluded that the growmg yeast cells 
reduced the selemte to metallic selemum This inhibitmg action was later con 
ffimed by Woodruff and Gies (195) and more recently by Moxon and Franke 
(112) who extended the obsen ntion to show the relative toxiatj of selemum and 
other metals to fermentation systems They found that durmg yeast fer 
mentation of glucose, ns measured by COj production, selemum was more toxic 
than vanadium, arsemo, and tellurium He toxicity of sodium selemte, selemde 
and selcnate decreased m that order Sodium sulfide partially counteracted the 
toxic effects of the selemum salts, but elemental sulfur bad almost no action of 
this typo. Sodium sulfite, ammonium sulfate and sodium thiosulfate were un 
able to counteract the toxic effects of selemum Later Lardy and Moxon (81) 
noted that 0J2 mgm. of aisemc would almost completely counteract the effect 
of 1 mgm of selemum m inhibitmg the fermentation of glucose by bakers’ yeast, 

Gastler (63) found that selemum salts had no effect on the saccharogemc 
activity of malt diastase, taka diastase and nmj lopsm 

Levme (88) has reviewed the htcraturo pertaining to the action of selemum 
salts on bacterial growth and the action of such cultures m reduemg selemum 
compounds. 

The action of selemum salts on isolated enzyme sj’stcms has been investigated 
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for vanous pui^oses Collett (23) showed that selenite and selenate inhibit the 
action of succinoxidase, and in later work Collett and co-workers (24) (26) have 
used selenium to determine the specificity of certam dehydrogenases 

Labes and Krebs (76) found that 0 02 per cent sodium selenite inhibited the 
action of succmoxidase of pig’s muscle Potter and Elvehjem (142) demon- 
strated that by usmg sugars as substrates, selemum caused 80 per cent inhibition 
m the oxygen uptake of hvmg yeast cells Less than 10 per cent inhibition was 
noted when pyruvate or lactate was used as substrate These workers suggest 
the action of the selemte may be mdirect, through its action on glutathione as has 
been suggested by Bersm (13) 

Wnght (191) showed that selemum inhibits the oxygen consumption of mam- 
mahan (rat) tissue shces Usmg glucose or succimc, pyruvic, lactic or citnc 
acids as substrate, kidney, bram, muscle and tumor shces were mcapable of oxi- 
dation "With the hver shces the actaon of selemum was an imtial stimulation 
followed by inhibition All the tissues rapidly oxidize p-phenylene-diamme m 
the presence of selemum Reduced glutathione or pyruvic acid would protect 
the tissue from the action of selemum if they were added with the selemum If 
the selemum was allowed to act for a tame before the glutathione or pyruvic acid 
was added, the oxygen consumption was not restored Wnght concluded that 
selemum is a general hydrogenase inhibitor Later Wnght (192) measured the 
effect of diselenodiacetic acid on tissue shces The selemum in this compound 
inhibited the oxygen consumption of shces of rat hver, bram, and kidney, but 
had no effect on muscle tissue Anaerobic glycolysis of hver, kidney, or tumor 
shces was not affected by this orgamc compound 

While mvestigatmg the effect of selemum on rat hvers Wnght (193) found that 
selemum as sodium selemte, selenate or diselenodiacetic acid inhibits the activity 
of urease but has no specific effect on hver argmase This further mdicates a 
relationship between selemum and those enzymes dependent on the action of 
sulfh 5 ^dryl groups 

Bemheim and TTIpin (12) have classified enzymes on the basis of their reaction 
to or with selemum mto three groups “those relatively insusceptible to selemum, 
mcludmg the glucose, lactate, and pyruvate oxidases of bram and probably 
1-tyrosme, xanthme, and alcohol oxidases of hver, (b) those m which selemum 
catalyzes the destruction of an active group, mcludmg succmoxidases, chohne 
oxidase, d-prohne oxidase, and tyramme oxidase, and (c) 1-prolme oxidase which 
IS inactivated immediately, suggestmg that selemum combmes with an active 
group” 

It seems that work on the specific action of selemum on the enzyme systems of 
the animal body is m its infancy, and much more information is required before 
the exact mechanism of selemum poisonmg can be elucidated 

Organic selenium compounds Pamter has reviewed the hterature on orgamc 
selemum compounds up to 1941 (129) so only those compounds of immediate bio- 
logical mterest wiU be discussed here 

The early work of Franke (37) and Franke and Pamter (41) (42) (131) (133) 
(130) showed defimtely that the selemum m toxic cereals was associated with the 
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protemB of the cereals The studies indicated that the eelenhim is an integral 
part of the protein molecule and consequently there has been much speculation 
regardmg the possibility of selenium replacing sulfur m cystme and methiomne 
The selenium analogue of cystine has been prepared by Fredga (61) (62) and 
Painter (136) Pamter (136) has also recently prepared phenyl-seleno-cysteme, 
beniyl-seleno-eysteme, bensyl-seleno-homooystine 
Painter, Frnnke and Gortner (134) synthesmed orgamc diselemdes, selemum 
ethers and seleninio acids of acetic, d propiomc, n propyl, and beniyl radicals 
They studied the relationship of these compounds and the selemum compounds 
m plants (133) m regard to their decomposition m alkahne solubons Moxon, 
Anderson and Painter (109) have compared the tondties of these orgamc com 
pounds and selemum m wheat. 

The toidcity of the selemum analogue of cystine (106) (111) is comparable to 
the toxicity of selenium m sdemferous grams and m sodium selemte, while 
toncity of selenium in ali other orgamc selenium compounds mvestigated has 
been much less (106) (109) (111) This is further evidence that selenium may 
occur m cereal protems as the selenium analogue of a sulfur ammo acid Horn 
and Jones (62) have isolated a ciystallme ammo add complex containing selemum 
and sulfur from hi^y sdemferous Aetragalus ptdtnaiui They have tentatively 
assigned a structure to the components of their complex and they state "It is 
behoved that the sdenium m toxic wheat and other grains is combmed m the 
protem as an ammo acid havmg a similar structure ” 

They have not published data on the toxicity of the ammo add complex but 
Horn, Jones, and Ringle (63) have published artides on the isolation of a now 
sulfur-containing ammo aad (lanthionine) from sodium carbonate-treated wool 
Lanthiomne is similar m structure to the sdemum contammg ammo acid comple.x. 
Du Vigneaud rmd Brown (179) have synthesired lanthiomne so it should be 
possible to synthesiie the sdemum analogue and determine its toxicity 
There is very little defimte information on the mechanism of sdenium toxicity 
There is however, some information on its effect on unicellular organisms and 
ensyme systems (see section on Effect of Sdemum on Eniymea) 

Sdemto will oxldiie sulfhydryl compounds formmg dlsulffde and an unstable 
RS-Se-SR compound Accordmg to Pnmter (129) the action of sdemte on sulf- 
hydryls may take three courses 

0 

(a) 2 RSH -f SeO, -* RS-Sc-SR -f H.O 

(b) 4 RSH -h SeO,-* RS-Sc-SR -l-RSSR-t-2H,0 

-I- 

(o) 4RSH-l-SeO,-»2RSSR-f So-f 2H,0 

Stekol (107) has reported the preparation of sdemum tetracystemo from sodium 
sdenlto and cystdno hydrochloride Usmg the same compounds Painter (129) 
reported the preparation of sdenium dicystcrao as shown bdow 

HOO<>-CH--CH,S--6e-SCHrCHCOOH 
NH, NH, 
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Compounds of th.e t3T)e RS — Se — SR are unstable as shown by reactions (b) and 
(c) above and are, therefore, difficult to isolate in the pure form Pamter (135) 
IS of the opinion that the reaction of selemte and cysteme would take place ac- 
cordmg to reactions (b) and (c) rather than by the reaction which Stekol has 
reported 

Bersin (13) prepared HOOCCHjS — Se — SCHjCOOH from thioglycohc acid 
and selemte He beheves that a similar unstable compound is formed from 
selemte and ^utathione Crude glutathione isolated from the blood of selenized 
cattle contams some selemum (2) DuBois, Rhian and Moxon (31) have shown 
that mjections of reduced glutathione will protect rate against doses of selemte 
which ordmanly cause death The administration of arsemc (either oral or 
mjected) will likewise protect rate against the toxic action of selemum (either 
oral or mjected) This action of arsemc would suggest the possibihty of some 
reaction between arsenic and selemum compounds in mvo Arsemous acid wdl 
react with cysteme to form arsemous tn-cj^steme (71) (167) Possibly arsemc 
reacts with selemum compoimds m such a way as to keep the selemum com- 
pounds from attacking the sulfhydryl compounds of the body 

Public Health The relationship of selemum poisomng to pubhc health was 
reviewed by ManviUe (93) m 1938 and by Smith m 1940 (154) 

Srmth, Franke and WestfaU (155) m 1935 made a survey mvolvmg 111 families 
hvmg m selemferouB areas of Wyommg, South Dakota, and Nebraska to de- 
termme the possibihty of selemum mtoxication through the mgestion of selenif- 
erous foodstuffs They found that urmes from 92 per cent of the mdividuals 
exammed contained selemum m amounts varying from 2 to 133 micrograms per 
100 cc This, of course, gave defimte proof that selemum was bemg mgested, 
but they were imable to discover any symptoms pathognomomc of selemum 
poisomng Simth and Westfall (160) made held studies m 1936 and were unable 
to reach any more defimte conclusions about the symptomatology of selemum 
poisomng m humans 

Lemley (85) and Lemley and Merryman (86) became mterested m selemum 
poisomng m humans m connection with several cases of acute dermatitis Urme 
specimens from these cases contamed selemum m amounts comparable to the 
selemum content of urmes collected from farm animals suffenng from selemum 
poisomng Lemley and Merryman (85) (86) administered bromobenzene to the 
patients with dermatitis and found that it gave immediate rehef, and most cases 
were cleared completely withm two or three weeks Westfall and Smith (184) 
were unable to mcrease the rate of ehmmation of selemum from rabbits by the 
administration of bromobenzene and have discouraged its use m human cases of 
selemum poisomng Nevertheless, it is still bemg used by phs^cians m selenif- 
erous areas who report that it is the only treatment which will clear up the 
particular dermatitis which appears to be associated with selemum 

More field and chmcal mvestigations need to be carried out m the selemferous 
areas m an effort to establish the symptomatology of selemum poisomng m 
humans and to arrive at some defimte tolerance levels for selemum m foodstuffs 

Dudley (33) has (hscussed the hazard of selemum poisomng among workers m 
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Industrial operations ^dicrc selenium is handled Both Dudley (33) and Hnmil 
ton (69) have desenbed the symptoms of human cases of sclcmum poisonmg 
caused by the inhalation of volatile Eclcnium compounds Halter (68) reported 
a human ease of industrial selcmum poisoning Painter (129) has desenbed his 
experiences m connection with tbo accidental inhalation of concentrated h\- 
drogen sclcnido 

Motley, Kills and Klhs (102) reported expenenemg sore tliroats after ^\•o^klng 
with sodium sclcmto and after handling animals which had been injected uith 
sodium selemte The ^e^^cwe^8, however, ha\o never expcnenced sore tliroat'? 
at any time which could be attnbuted to the handlmg of selenium compounds or 
handling of animals uhich had been injected inth Bclcnium compounds 

Bjtirs (10) disco\crcd some eases of selcmum poisonmg in humans m 'Mexico 
which resulted from sods bang contaminated bj selenium m the wastes from 
silver and gold mmes 

Sterner and Lidfeldt (108) have dotenmned the selenium content of urme 
eamplcs from what they call normal subjects Tlie> find more selenmm than 
should be present unless the subjccta are exposed to some source of selenium 
Selenium has been investigated nt different times as a possible cure for cancer 
A few tj^iical references on this work arc (28) (72) (1-40) (181) (182) 

Mtihodi of analysis for sdenttm Pointer (129) has reviewed the methods of 
analyms for selcmum Most of the eelcmiun detcrmmations which have been 
made on rocks, eoila, and plant and animal tissues have been made by the methods 
of Robmson et ol (148) and Beath, Eppson and Gilbert (8) During the past 
two ycara the reviewers ha\ c used tbo A, 0 A C method os described b> Klein 
(73) This mctliod la espcciallj accurate for small quantities of sclcmum 
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1 DevdopmerU of the concept of chemo-aulotrophism When Winogradsky 
came to de Bary’s laboratory, he undertook to study the then vital problem of 
the alleged pleomorphism of the “sulfur bactena ” For an e\act mvestigation 
pure cultures were desirable, if not imperative, and it was undoubtedly antici- 
pated that ivith such cultures it would be an easy matter to conquer the last 
important stronghold from ivhich the doctrme of bactenal pleomorphism could 
stiU be defended But the early attempts at growmg the organisms m labora- 
tory media led to developments m the field of physiology whose significance 
overshadows the final demonstration that the putative morphological vanabihty 
exists no more m this group than among other bactenal species Careful obser- 
vations and deductions, supported by a few simple, conclusive experiments, led 
the young scientist to the revolutionary concept that certain micro-organisms, 
although devoid of chlorophyll, can nevertheless mamtam themselves, and even 
develop, in the absence of orgamc substances 

Typical for the natural habitat of the sulfur bacteria is the mvanable presence 
of hydrogen sulfide, the organisms themselves are found stuffed with sulfur 
globules The correlation had given nse to mterpretations mvolvmg a causal 
relationship, it bemg held that the sulfide was produced from sulfur by the sulfur 
bactena Wmogradsky’s earliest experiments, however, showed convincmg y 
that this could not be so And, struck by the gradual disappearance of the 
sulfur globules from cells which were kept for some days m various culture solu- 
tions, he supplied additional hydrogen sulfide to the cultures, whereupon sdfur 
droplets soon reappeared m the orgamsms From these observations um 
gradsky conceived the causal relation to be otherwise The bactena ® 

restncted to a sulfide-containmg environment because they need tins substence 
which they oxidize to sulfur, the oxidation process furmshmg t e ca o ic 
energy which the more common oi*ganisms derive from the oxi tion or er 
mentation of orgamc materials Expenments showed that, when su e is no 
available, the sulfur bactena can mamtam themselves by oxidizing the stored 

sulfur to sulfate , 

The studies on the sulfur bactena (1,2) ivcre soon foUowed by similar investi- 
gations on iron bactena (3), occurrmg normaUy m water mth ferrous salts in 
solution The deposition of feme hydroxide was considered as due to a com- 
parable physiological oxidation process 

The full consequences of the idea that the oxidation of an morga^ substonce 
could provide the energy for vital processes were realized when mogra sky 
succeeded m isolatmg the mtnfymg bactena m pure culture it t ese i was 
shovTi that the oxidation of ammoma to mtnte, and of nitrite to mtra , ^ 

the respective orgamsms to synthesize their cell matenals entirely rom car on 
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dioxide and minerals in darkness (4) This process of carbon dioxide nsstmiia 
tion has been designated by Keller (6) as chemosynthesis, and the organisms as 
chemosynthetic More recently the better term chemo-autotrophic has been 
proposed (6) 

Amply corroborated by subsequent workers, the existence of chemo-auto- 
trophic micro-organisms thus became established, and vanous species hax e since 
been isoiated uhich can live and grow in stnctlj mineral media The chemical 
energy derived from the oxidation of sulfide, sulfur, sulfite and tliiosulfate, of 
comparable selemum compounds, of ammonia and mtnte, or of molecular hydro- 
gen, can adequately be substituted for the radiant energy ahich permits green 
plants to synthcsiio organic matter m the light 

Such processes are not restricted to aerobic conditions Oxidation of sulfur 
and thiosulfate with the simultaneous reduction of mtrate allows the develop- 
ment of Thiobaaihte demlnficans m the absence of air (7, 8, 9) , sunilarly certam 
hydrogen bacteria can grow anaerobically in the presence of mtrate (10) In 
addition to these chemo-autotrophio processes of mtrate reduction sulfate reduc- 
tion with molecular hydrogen is also known (10, 11, 12, 13) although decisive 
expcnments to show doveiopmcnt of the sulfate reducing boctcna in mmcml 
media, on the basis of oxidation of hydrogen with sulfate, have not yet been 
corned out Even m the absence of oxygen, mtrate, or sulfate, hydrogen gas 
may lead to boctenal dev elopment, as during the conversion of hj drogen-enrbon 
dioxide mixtures to methane (14) or acetic acid (16) 

In general, it can therefore be said that chemical reactions between inorganic 
substances, which take place with an increase in entropj , can be used by micro 
organisms as n source of energy mth which the sjnthcsis of orgamc matter from 
carbon dioxide is possible 

The early studies with pure cultures of chemo-nutotrophio bactena led to 
another discovery which emplinsiied the physiological pcculuintj of these 
organisms It was again Winogradsky who established that the mtnlying bac 
tona are adversely affected by the presence of orgamc compounds, low concen 
trations inhibiting growth, lugher ones even preventmg their metabohe actin 
tics. Comparable results were later reported for some of the sulfur bactena 
(8, 10) The inabihtj of nitnfymg and sulfur-oxidixing bactena to utlbze 
organic substances has often been contested, but the more careful mv ealigations 
of this problem (17, 18, 19) have sustained WTnogmdsky’s claims 

Ivoverthcless, it has been recogniied from the beginning that the hydrogen 
bactona can all bo grown equally well in the absence of hj-drogen, at the expense 
of organic matter Also certain Thtobaailus species can develop normally in 
orgamc media cv cn in the absence of oxidiiablo sulfur compounds (8, 19 20, 21) 
While these findings made it impossible to apply Winogradsky s ngorous dofini 
tion of tlie physiological characteristics of ‘ inorgoxidants” (22)— winch included 
the mabUily to decompose organic siilistancca — to all chcmo-nutotrophic bac 
toria, tlioy did not present a senous obstacle to the formulation of a clear-cut 
entenon for the latter As such could bo considered any organism capable of 
development m darkness m a strictly imneral medium, by the oxidation of an 



340 


C B VAN NIBL 


inorganic substance, and the concomitant assimilation of carbon dioxide This 
defimtion eliminated the mclusion of vanous organisms which, like Aspergillus 
mger, can oxidize elementary sulfur, but only m orgamc media (23) Oxidations 
of this type appear more nearly comparable with phytochemical reductions, 
they represent a side-reaction of doubtful physiological sigmficance rather than 
the primary source of energy for the organism concerned 

Recent advances have, however, made this defimtion also rather illusory as a 
satisfactorj”^ and uneqmvocal means of distinction between chemo-autotrophic 
and heterotrophic organisms A good example of the difficulty is furnished by 
the hydrogen bactena Already Niklewski (10) made the observation that 
either one of tii o pure cultures, isolated from profusely growmg crude cultures, 
did not grow by itself m the mineral medium, whereas inoculation of the tivo 
types together resulted m excellent growth From unpublished expenments of 
Dr M Doudoroff (personal commumcation) the explanation of such a “sym- 
biotic” relationship appears to be that each type of these hydrogen bactena 
requires one or more organic growth factors, produced m excess by the other 
kind, a situation very similar to the “symbiosis” of certam yeasts and molds 
which will grow m a mmeral medium with sugar when moculated together, 
although neither one appears capable of such development by itself (24) This 
has been shown to be due to the fact that one of the symbionts needs the pynmi- 
dme part of the thiamm molecule for growth, which is produced m excess by the 
other partner, while the latter requires the thiazole moiety, furnished in turn by 
the former 

In the case of the hydrogen bactena it is evident that the combination of the 
two types can be designated as chemo-autotrophic, either one alone does not 
correspond to the defimtion Although the growth factors for the hydrogen 
bactena have not yet been worked out, each one of the two species can be grown 
m pure culture, and largely by oxidizing hydrogen and reducmg carbon dioxide, 
provided that the medium is supplemented with a small amount of orgamc 
matter, the latter serving as a source of supply of one or more substances which 
the organism needs in a small quantity but which it is unable to synthesize 
The question then arises whether this quantitatively insigmficant lack of syn- 
thetic abihty should be regarded as a sufficient reason for excludmg the species 
from the group of chemo-autotrophic bactena, thus losmg sight of its major 
physiological characteristic, tm , that of bemg able to synthesize the bulk of 
its cellular constituents from carbon dioxide with energy denved from the oxida- 
tion of an morgamc substance 

It would, of course, be possible to re-define chemo-autotrophism in such a 
manner that the above difficulty could be avoided, for example by emphasizing 
the occurrence of a carbon dioxide assimilation in the dark But at present 
such attempts also appear doomed to failure This is due to the discovenes of 
the past 7 or 8 j^ears that carbon dioxide assimilation or reduction is far from 
hmited to organisms which one might stdl be inchned to accept, though not m 
the stnetest sense of the word, as chemo-autotrophs It has been shown that 
E coh can convert carbon dioxide and hydrogen into formic acid (25) , that the 
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bactenni production of methane is aotuaU> a process of complete carbon dioxide 
reduction (26, 27) , that propionic acid bactena (28 29), E colt (30), molds (31), 
and oven protozoa (32, 33) and animal tissues (34 , 36) can assimilate carbon 
dioxide In the last-mentioned cases the assimilated carbon occura normally 
in the form of acidic metabohe producta, among which the four-carbon dicarbo- 
x>ho acids are the most important (30,37) In spite of this genuine carbon 
dioxide assimilation no one would bo willing to apply the epithet chemo-auto- 
trophio to the organisms in question, whoso metabolism, under all oircumstanccs, 
consiata predominantly of decomposition processes of orgamo substances 

At one time the differentiation between an autotrophic and heterotrophic 
mode of life earned the irapUcation that the former was qmte mdependent of the 
activities of other living organisms In a measure this, of course, is true. But 
considering what the reaUty of the cycle of matter connotes, this vicwpomt is 
also vulnerable, ultimately the autotrophs now living ore as much dependent 
upon the heterotrophs as verta And fortunately, the Important problem 
IB not so much to find an unassailable definition of chemo-autotrophism as it is 
to reach a better understanding of natural phenomena Hence wo may leave 
the decision oa to whether the above-mentioned hydrogen baotona and various 
other organisms with similar properties should properly be called chomo-auto- 
trophs or heterotrophs to those who can make out a good case for its significance 
This attitude seems the more justifiable because a number of other facts have 
tended to cause a merging of the two designations 

2 Encrgdic relcltom in the melaboltsm of eherTUHJUiotrophic organttme Tlio 
great Importance of the chomo-autotrophio mode of life hes in the fact that it 
admits of a comparative study of the biochemistry of carbon dioxide assirmla 
tion So long as this process >va8 considered as the special prerogative of green 
plants, it was necessary to regard the photochemical nature of the reaction as 
essential for the fate of carbon dioxide It could, therefore, not bo decided 
whether carbon dioxide assimilation was connected witli the absorption of radiant 
energy m a direct or indirect manner The existence of organisms which could 
accomplish an assimilation of carbon dioxide in the dark showed conclusi\ ely 
that for the conversion of carbon dioxide into organic matter the absorption of 
light was not a necessary prerequisite 

In looking for a common denominator of the photo- and chemo-nutotrophic 
assimilation processes, it became clear that a meeting ground could bo found by 
considenng the energetic relations In both cases one could point to a source 
of energj bj which the synthesis of orgamc substances from carbon dioxide was 
made possible To the photosynthctic organisms the energy was ob\nously 
Bupphed by absorbed light quanta, while to the colorless chemo autotrophs it 
wan furnished bj an exergome chemical reaction * 

Thus it becomes understandable that studies on the energy relations were 
among the first which were earned out with chcmo-autolrophio bactena Ini 
tlally such in\ cstigations dealt with a dctemimation of the quantit> of inorganic 

*Tbctenii ‘excrgonic’ is tued In profcrcnco to esothcrmic Sec C D Coryell Sci 
ence 02 3S0 lOtO 
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substrate that was oxidized and of the amount of orgamc matter meanwhile 
synthesized by the orgamsms The application of thermodynamic data to the 
results then gave nse to computations of the “efficiency” of the processes, and 
to a compaiison i\uth that of the photosynthetic reaction Smce this particular 
phase has been reviewed in a pre\nous volume of this Journal (38), it will suffice 
to summarize the results As a rule, the efficiency of a variety of types of 
chemo-autotrophic metabolism was found to be of the same order of magmtude 
(±7 per cent) The hydrogen bactena, as an exception, appeared noticeably 
more efficient, from Ruhland’s data (39) on the ratio of hydrogen oxidized to 
carbon dioxide assimilated an efficiency of over 25 per cent was calculated! It 
was further stressed that none of the chemo-autotrophic processes even ap- 
proaches the efficiency of photosynthesis which, according to the results of 
Warburg and Negelem and of Wurmser, is aroimd 80 per cent 

In the light of recent studies of the photosjmthetic reaction this comparison 
can no longer be considered valid , the high efficiency values have not been sub- 
stantiated First, Arnold (40) and Mannmg elal (41), using different methods 
of expenmentation, arrived at considerably lower values (±35 per cent) The 
discrepancy ivith the earher data has been satisfactonly accounted for by the 
fine work of Emerson and Lewis (42), m which the manometric measurements of 
Warburg and Negelem could be fully corroborated, but which also showed that 
the method of computation of the efficiency was incorrect because the under- 
Ijnng assumption that the gas produced durmg brief penods of illumination is 
exclusively oxygen is contrary to the facts At present, therefore, the best 
values for the efficiency of photosynthesis must be accepted as well below 40 
per cent 

Secondly, there is a good reason for mamtaimng that this high efficiency 
measured dunng photosynthesis is not really comparable with the figures com- 
puted by Beckmg and Park^ for chemo-autotrophic processes The former is 
based upon metabolism studies of short duration so that one may reasonably 
expect that the carbon dioxide assimilation has resulted chiefly m the formation 
of the pnmary assimilation product, carbohydrate In addition, the assimila- 
tion values are always corrected for the simultaneously occurring respiration 
The data on chemo-autotrophic organisms, on the other hand, are derived from 
experiments m which the extent of carbon dioxide assimilation was detenmned by 
measurmgthe orgamc carbon content of cultures in mmeral media after a period 
of grovdh of the bactena often exiendmg over weeks Consequently the assimila- 
tion process must have gone far beyond a pnmary assumlatory product, all the dif- 
ferent cell constituents, ultimately denved from the pnmary product by second- 
ary reactions, are included m the final detenmnation It iviU be evident that 
such secondary processes, as, for example, the formation of hpids, may mvolve 
quite considerable losses Furthermore, corrections for possible respirat on 
processes m which orgamc compounds are oxidized have not been apphed here 
Thus it becomes clear that the measured or computed efficiencies m those cases 
must faU considerably below the maximum values vhich would represent the 
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cfRciency of the pninary carbon dioxido nsmmflation In a chemo autotrophic 
process The abovo-montioned attempts at evnluating the efficiency of chemo- 
autotrophs have, therefore, not coiltnbutcd much beyond the demonstration that 
the over all conversion of carbon dioxide into the vanoua components of boc 
tenal cells is less efficient than the production of a primary assimilate from 
carbon dioxide by photosynthesis 

While I^uhland n'as fully ai\are that his data did not gi\e on accurate idea 
of the true efficiency of the carbon dioxide assimilation of hj'drogen bacteria 
and left it at that,* Burk (43) behc\od that in this case on accurate computation 
of the ‘ thermodynamic efficiency*’ — as contrasted with Ruhland a “mochmo 
efficiency” — could be accompUshcd by applying to the over all figures a corrcc 
tion for energy consumption not directly connected ivith the ossimilatioa process 
In this manner the conclusion was reached that this assunilation must be con 
mdered as, thcrmodjTiamically, completely rovcreiblo On account of ita theo- 
retical importance this paper will be considered m some detail especially because 
the method of calculation rests upon an assumption uhich is open to serious 
doubt 

Ruhland had shown that the hydrogen bacterium, Baallns pycnoltcus, iihcn 
growing in the presence of both glucose and hydrogen, docs not appear to 
oxidise the latter From this and similar observations Burk drciv the inference 
that the oxygen consumption by these hydrogen bacteria should bo asenbed m 
ita entirety to an oxidation process of organic substances, and that oxygen is 
not used at all for the direct oxidation of molecular h> drogen Starting with 
this assumption it then follows that the oxygen utiliintion in Ruhland’s expen 
ments can only bo accounted for by an oxidation of organic compounds pre- 
viously aynthemred from carbon dioxide and hydrogen This "a ould permit of a 
calculation of tlie total organic matter sjTilhcsizcd by the bnclcna during the 
experimenta by adding the equivalent of the oxygen consumed to the amount 
formed during growth m a culture m Inorgamc media. If this is done, the total 
carbon dioxide assirailation corresponds very closely to that required by the 
reaction equation 

COj d* 2 H 3 — > iCVflnOi + IIjO 

the slight donation being duo to the fact that the average cell material of the 
bacteria is slightly more reduced than carbohydrate. 

Burk further showed tliat, smcc the oxidation of 2 raols of hydrogen can fur 
msh 108400 col of free energy, and Iho reduction of 1 mol of carbon dioxide 

* *0bcr die Encrgicauinutiung dlcsos Proze«sc« fQr die Cbemoeynthese schlechthlD 
l&sit fich nlchU aussagen da dcr in dcr Bilau der letzteren g«nau entf^cgceenRcaeixte 
Vorgang dcr Atmung glciohieitig abl&aft und ca nieht gdingt una Qbor daa wihrend der 
AMlmilation errdchto Ma** deraolben Klarheit lu vorachaffen MMr kOnnen una vielmohr 
nur aber don iQr den KOrpcraufbau nutibar gcmsrbtcn Bruchtell der bci der Knallgaereak 
tion dl»ponib(*l Trcrdendcn Gesamtonergio cino VoraUHong \or8cliaffeo nlao fOr 

dlo Difierenx organlsche 8tollproduotion minus BetriebratolTe (Sd p 3S4) 
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requires 105140 cal , the theoretical relation for the above process, if it were 
completely reversible, is 

No o f mols Hj needed _ 105140 _ ^ __ 

2 X No of mols CO 2 reduced 108460 

The experimental data, treated m the above manner, furmsh practically the 
same result. 


No of mols Hj used 
2 X No of mols CO* reduced 


0 966 ± 0 012, 


from Avhich follows the conclusion that the reduction of carbon dioxide is mdeed 
a perfectly reversible process 

This argument seems, however, fundamentally deficient, and amounts to 
provmg an assumption by takmg its correctness for granted, because in the 
ongmal assumption the outcome of the computation is already implied This 
folloivs from a simple analysis 

The culture of hydrogen bactena growmg in a mineral medium m the presence 
of hydrogen contains as oxidizable materials only hydrogen and the organic 
matter of the bactenal cells The consumption of oxygen must, therefore, be 
due to an oxidation of A, molecular hydrogen, B, orgamc matter, or C, both 
Smee meanwhile orgamc matter is formed from carbon dioxide, case A can be 
represented by the set of equations 


n [ 2 H 2 d" O 2 — * 2 H 2 O] Ai 

CO 2 + 2H, (CH 2 O) + H,0 A, 

2(n + l)Hj + n02 + CO, {2n + 1)H20 + (CH 2 O)'’ As 

Similarly, case B corresponds to 

(n + 1)[2H2 + CO 2 (CH,0) + H,0] B 

n[(CH20) + 02-^ CO 2 + H 2 O] B 


2(n + 1)H2 + nO, + CO, — > (2n + 1)H20 + (CH 2 O) B, — Aj 


while case C is a combmation of A and B 

The analytical data concemmg hydrogen, oxygen and carbon dioxide utihza- 
tion and orgamc matter production in Ruhland's exTperiments obviously apply 
only to the final, overall equations And, since these are identical for all three 
cases, a decision as to which reactions occur must be based upon other considera- 
tions Now, the assumption that all oxygen, consumed dunng the growth of 
the organisms, tin-q been used for the oxidation of (CH 2 O) implies that the 
hydrogen can only have reacted accordmg to equation Bi That a computa- 
tion on this premise leads to the theoretical value of the entropy relations is, 

• In these equations (CHiO) designates the assimilation product, not formaldehyde 
Though an approximation, it is sufficiently accurate for the purpose, and has the advantage 
of simplicity 
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thorcforo, obvious Burk s results could thus have been anticipated But 
they prove nothing beyond the fact that Ruliland's analyses have been accurate 

It has already been mentioned that oil known h 3 drogea bactena can Uve 
heterotrophicallj As such thej are capable of oxidizing a great vanety of 
organic compounds It could therefore, be expected that m the presence of 
both h>»drogen and an orgamc substrate the oxidation of the former is sup 
pressed Furthermore, the inabiUty of bactena to oxidize hydrogen when 
grown in organic media is often due to selection, adaptation, or both Hence 
the obser\ations of Ruhland on the inhibition of h>'drogen oxidation by glucose 
do not justify the assumption that autotrophicall> growing hydrogen bactena 
use ox> gen only for the oxidation of orgamc substmtea 

In three recent reports (44, 46, 40) on the oxidation of molecular hydrogen 
by hydrogen bactena, purple bactena, and green algae it has been pomted out 
that in all cases this reaction is dependent upon the presence of carbon dioxide 
This finding may seem to strengthen Burk’s assumption which would naturally 
require the presence of carbon dioxide for the utilization of hydrogen It must, 
however, be borne m mmd that also for the oxidation of orgamc substances the 
presence of carbon dioxide is a prerequisite (47) and here the explanation for 
this phenomenon must ovidenUy bo qmte different (37) Thus it is readily 
conceivable that the reason for the neceasitj of carbon dioxide m the oxidation 
of hj'drogen ^ould bo the same as in the oxidation of orgamc compounds 

3 Btochcmieal mechammi in the chemo-auioiwpktc haeima As long os the 
link between clicrao*autotropluc and photosynthctic carbon dioxide assimilation 
v,&s considered to bo pnncipallj on energetic one, tbo approach outlined m the 
pro\nou8 flection was the most promising It could ha\e been refined b> at- 
tempts at obtaimng a clearer separation of the primary assimilation process 
from secondary conversions, for example bj conducting expenraents of abort 
duration In addition, careful measuremente of an endogenous respiration 
process, both before and after a penod m which an morgamc substrate was 
being oxidized, might have permitted the apphcation of a satisfactory correction 
for the destruction of orgamc matter during the assimilation process proper 
Such refinements wxiuld havx) jncldcd data on the efficiency of the assimilation 
more direcUy coraparablo with those avmlablo for photosimthesis However, 
the interest m a comparative study of the two assimilation processes had mean 
while begun to mov c in a different direction 

WTicrc cnGrg> from absorbed light quanta or from exorgome chemical rcnc 
tions is used for the com creion of carbon dioxide mto orgamc matter, there must 
exist a meclinnism for the transfer of cnergv The gradual development of a 
better understanding of the chemical mechanisms involved m catabolic proc 
craes both oxidative and ferraontatuo, had liccn spectacular, and toword the 
end of the 1920 s a clear enunoiation of the major prmciplcs of these mccha 
msms had been achicv ed Bnofl> these principles can bo stimmnntcd os follows 

1 Anj liiochcmical process can bo considered as consisting of a series of Indi 
viduol fitcp-rcflCtioas 

2 Each one step constitutes a chemicall} mtelligiblc and extremely numple 

tj'pc of reaction ^ 
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3 The common property of all such reactions is that they can be regarded as 
examples of hydrogen (electron) transference from one constituent to another 

4 Thermodynamically each step is a spontaneous (exergomc) reaction 

The most general expression of these prmciples was given m lOuyver’s well 

known reaction equations (48) 

AH + A +BH 
AH B-^A BH 
AH B-^A + BH 
AH + B-^ A BH 

It IS understandable that the fnutfulness of these concepts of the mtimate 
mechanism of catabohc processes led to a desire to apply them to those bio- 
cheimcal reactions which are known as anabohc Smce the conversion of carbon 
dioxide mto orgamc matter is quantitatively and economically the most im- 
portant instance of the latter, early attempts were made to formulate possible 
step-reactions for this process which would be m harmony ivith these ideas 

Photosynthesis soon appeared amenable to such an interpretation, at least 
m part, when it was found that certain colored bactena, the green and purple 
suHur bactena, carry out a reduction of carbon dioxide which is dependent upon 
both lUummation and the presence of oxidizable substances, and which proceeds 
without the evolution of molecular oxygen (49, 60) These results led to a gen- 
eralized formulation of the photosynthetic process as rendered by the equation 

CO, -f 2H,A (CH,0) + H,0 -1- 2A 

From this equation it would appear that green plant photosynthesis represents 
a special case in which HjO serves as the hydrogen donor, H 2 A, which is de- 
hydrogenated to molecular oxygen 

It thus became possible to compare the features of various types of carbon 
dioxide reduction m the hope of thereby establishing those characteristics which 
are common to all such processes, and of ehmmatmg secondary, perhaps fortu- 
itous aspects An approach of this kind, for which Kluyver had corned the 
name '“comparative biochemistiy” (48), has frequently yielded remarkably m- 
structive results (see, e g , (51)) 

Such a comparison of the different photosynthetic processes reveals the fact 
that the common features are the absorption of radiant energy and the reduction 
of carbon dioxide, while the specific hydrogen donors may differ widely Smce, 
furthermore, the oxidation of all the possible hydrogen donors, with the sole 
exception of HjO, can also be accomplished by the respective organisms m the 
dark -with the utilization of oxygen, it appeared as if there would exist a diiect 
link between the carbon dioxide reduction and the absorption of fight quanta 
But here the existence of chemo-autotrophic organisms warns to caution, their 
metabolism shows unambiguously that the reduction of carbon dioxide per sc 
does not reqmre fight And because, in this group of organisms, we are there- 
fore compelled to admit the existence of a mechanism whereby the conversion 
of carbon dioxide mto orgamc matter can be accomplished mthout the co-opera- 
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tion of radiant energy, our prcaent concepts of “compamtiic biochemistry” 
moke it tempting to suppose that the same, or at least a closely smular mocha 
nism, may ivoU be operative in photosynthetic organisms too Some recently 
established facts make this oven more than suggestii e 
Among the photosynthetic purple bacterm are certam species which can as- 
Bunilate carbon dioxide m the presence of molecular hydrogen These organisms 
can also bo grown in the dark like regular hj-drogen bacteria Instead of carry 
ing out a photosynthetic metabolism they now behave ns chemo-autotrophs 
A similar com ersion of photochemical to non photochemical carbon dioxide as- 
similation has been accomplished mth certam green algae by Gafiron (46) 
These observations force us to the conclusion that either two ontiroly dilTercnt 
mechanisms for carbon dioxide rcduotion exist side by side m the same organism, 
or that the biochemical mechanism for the assmulation of this compound is 
always independent of Ught m these organisms, and that the absorption of 
radiant energy in photosynthesis Is Immediately connected with a step reaction 
which IS somewhat removed from the reduction process itself At present the 
tendency is distinctly m favor of the latter alternative In this hne of thought 
a study of the metabolism of the chomo-autotrophio bootenn naturally becomes 
all the more important because it may contribute to an elucidation of the mccha 
msm of carbon dioxide assimilation in photosynthesis as well 
Recently some adi anccs of groat mterest have been made in this direction 
Expcnmenting with the colorless sulfur bacterium ThtobactUtu Oruxxndam, 
Voglor has found that the assimilation of carbon dioxide, which in growmg cul 
tures accompames the oxidation of sulfur to sulfuno acid, can be separated m 
tune from the energy yielding oxidation process A suspension of the organisms, 
supplied with a small quantitj of sulfur m the absence of carbon dioxide, mpidl> 
consumes oxygon until the sulfur has been completely oxidized If at this point 
carbon dioxide is admitted, a rapid uptake of carbon dioxide is observed It 
could, moreov er, bo shown that this assimilation process is entirely mdepondent 
of simultaneous oxidation reactions because it occurs, and quantitatively to the 
same extent, m an atmosphere devoid of oxygen (62) From these results it 
may, therefore, bo concluded that dunng the oxidation of sulfur, and in the 
absence of carbon dioxide tlie energy released during the process is stored up in 
the cells and can be used afterwards for the assimilation of carbon dioxide It is 
then logical to infer that normally , when the bactena oxidize sulfur and grow m 
the presence of carbon dioxide, the assimilation proceeds by the same mechanism 
The discov ery that oxidation of sulfur and assimilation of carbon dioxide do 
not ncccssanly occur simultaneously, but can be separated m tune, suggests 
strongly tliat the meclianism of energy storage and release involves the buildmg 
up of a store of chemical substances with a high energy content upon which the 
cells can draw at some later time in order to make possible the occurrence of a 
reaction which by itself Is endergonio And tho very fact that the net result 
can be represented by a reaction equation m which substances other than sulfur, 
oxygen, carbon dioxide, and the assimilation product do not occur imphcs tliat 
tho ‘high-energy compounds ’ would bo involved m a oyellc change It then 
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becomes possible to formulate the chain of events associated with the chemo- 
autotrophic metabohsni somewhat more satisfactonly 

Instead of the more conventional representation 

fn(2S + 3O2 + 2IIsO — > 2H2S04) Exergonic 

I CO2 + HjO — ^ (CHjO) + Ot Endergomc 

iimphfied by the statement that these reactions are energetically coupled, a 
senes of reactions can be postulated as follows 

n(2S + 30, + 2H,0 + X -> 2H,S04 + T) 

CO, + nF ^ (CHjO) + nX 
In vhich both steps are exergonic 

At first sight this modified formulation does not appear particularly useful 
as long as X and F remam unspecified entities It might also, and nghtly, be 
objected that it does not present an unusual or new feature Physical chemists 
as well as those biologists who have occupied themselves with studies on the 
actual mechanism of energy transfer have long felt that the energetic couplmg 
of two reactions reqmres a chemical mediator And, if no further evidence as to 
the nature of X and F were available, it would mdeed be futile to stress this 
formulation The point to be made is, however, that there are good reasons to 
believe that m this respect important information has been gamed which not 
only tends to reveal the nature of the chemical mediators, but also mdicates the 
very general apphcation m biochemical processes of one and the same group of 
compounds m this capacity 

Vogler and Umbreit (53) have, namely, succeeded m demonstratmg the direct 
couplmg of phosphate transformations ivith both sulfur oxidation and with 
carbon dioxide assimilation Evidently this became possible only after the 
experimental separation of the last-mentioned reactions had been accomplished 
Their studies on the amounts of phosphate denvatives m the medimn and m 
the cells had prevuously shovm that in the combmed presence of sulfur, oxygen 
and carbon dioxide sigmficant changes m the phosphate compounds could not be 
observed But if ThiobaaUus thiooxidans was allowed to oxidize sulfur m the 
absence of carbon dioxide the oxidation was found to be accompam^ by the 
disappearance of morgamc phosphate from the medium, and its conversion, m 
the cells, mto an orgamc phosphate ester Ckmversely, the subsequent assimila- 
tion of carbon dioxide, unaccompamed by a simultaneous oxidation of sulfur, 
results m the conconutant release of morgamc phosphate to the medium It 
thus appears that m the assimilation process of Thwbac thiooxidans a phosphate 
cycle IS mvolved m which the product responsible for the storage and transfer of 
energy can be identified with an orgamc phosphate ester The composition of 
the organo-phosphates of ThiobacUlus cells has been elucidated by the recent 
anal5^es of Le Page and Umbreit (54), and m a personal commumcation Umbreit 
has stated that the energy-storage matenal has been shown to be adenosme- 
tnphosphate, identical with that from yeast 
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The significance of this discovery can hardly be oi er-estimatcd Not only 
does It permit of a clearer concept of the nature of the terras X and Y, but it 
further reveals that the chemical mechaniBms for energy transfer are \ ery closely 
similar in all Irving organisms, including autotrophic as well as hetcrotrophio 
cells Particularly impressive m this connecUon becomes the “utility m bio- 
chemistry," advocated siT convincingly by IQuyver and Donker (6S) as early as 
192fi, to which now the generality of the phospho-organic esters os energy trans- 
ferring compounds may be added The important rfiie piayed by these estera 
in biological syntheses and m the mechanism of muscular contraction have re- 
cently been clarified by the important contnbutions of Con et al , Hanes, 
Kalckar, and especially Lapmann (60-69) It now appears likely that also the 
mitial stages of carbon dioxide assimilation m chemo-autotrophs are associated 
with these substances And Ruben (60) has just proposed a well-conceived 
workmg hypothesis of the mechanism of photosynthesis m which these aspects 
are mcorporated 

Two problems have been opened up by this new development. The first con 
cems a clanfioation of the reaction steps m which inorgamc phosphate becomes 
estenfied, the second, the establishment of the actual mechanism of the initial 
carbon dioidde fixation Regardmg the former pomt nothing can bo said as 
yet with any degree of certamty In the metabolism of orgamo compounds phos- 
phate esters arise in w hich, through dehydrogenation, the phosphate bond energy 
can become so mcreased as to represent up to 12 000 calories Whether similar 
phosphate esters are poasiblo with inorgamc sulfur compounds, or whether the 
latter themselves are combmed with organic phosphate esters, conceivably re- 
placmg the phosphates, is unknown 

Also the chemical reactions by which carbon dioxide is converted mto an 
orgomc substance have not yet been elucidated, although much progress has 
been made in this respect during tho past few years Ono of the best established 
mechanisms is that m which a four-carbon dicarboxyho acid is formed from 
carbon dioxide and a three-carbon compound, the latter m all probabihtj bemg 
pyruvic acid (36, 37, 61, 62) That this mechanism may not be operative m 
the chemo-autotrophio bacteria seems to follow from the observation of Umbrcit 
et ed that here pyruvate in low concentration inhibits carbon dioxide fixation 
However further experiments are needed, and it seems likely that any advances 
made m this field will immediately reflect on our present concepts of carbon 
dioxide assimilation by any one organism, whether photosynthctic, cbemo- 
autotrophic, or heterotrophio It is becoming mcrcasmgly evident that aH 
biochemical reactions follow similar general pathways, so that a better under 
standmg of one is soon followed by direct applications to other processes 

4 Avlolrophc organiemt and the metabolum of orponic mailer One aspect of 
the transformation of carbon dioxide into cellular materials remains to bo dis- 
cussed This concerns the means wherebj tho great vanoty of cell constituents 
are formed Two mam possibihtlcs oiler themselves as workmg hypotheses 
The first is that each substance is produced more or less directly from carbon 
diondo and whatever other minerals enter into its composition Tho altematrvo 
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■would be the assumption that only one or a very few orgamc substances result 
from the process of carbon dioxide assimilation per se, and that the different 
and manifold components which together constitute the cell ongmate by a 
senes of secondary transformations of such primary assimilation products 
From the pomt of view of “comparative biochemistry” the latter hypothesis 
seems infinitely more probable and logical This, however, imphes that the 
organism so operatmg must be capable of carrymg out conversions of orgamc 
compounds Theoretically it should even be able to grow heterotrophically on 
the proper orgamc substrates Many of the photo-autotrophic organisms have 
yielded to this treatment, also a number of genume or presumed chemo-auto- 
trophic organisms, such as hydrogen bactena, certam sulfur bacteria, and iron 
bacteria, can develop satisfactorily m orgamc media m the absence of the specific 
oxidizable morgamc substance But there remam, as apparently insuperable 
obstacles, those cases which seem to fit Winogradsky’s most ngorous defimtion 
of the chemo-autotrophs par excellence, t e , organisms which, at best, cannot 
utilize orgamc compounds, and are often harmed by them Clearly, if auto- 
■trophs exist which cannot metabolize any orgamc material, this fact alone would 
suffice to disprove the second possibdity 
However strong and convmcmg the arguments m favor of the occurrence of 
such organisms may have seemed, such claims can no longer be considered con- 
clusive On the contrary, a number of recent studies have shown that the ex- 
perimental endence pomts decisively m the opposite direction First, Cataldi 
has successfully cultured Beggiatoa alba — for ■n'hich Keil (16) had mamtamed 
the meffectiveness of orgamc substances, and the utilization of carbon dioxide as 
only carbon source — m sulfide-free orgamc media (63) Secondly, also the iron 
bactena of the genus Leptothnx are, m pure culture, not dependent upon the 
presence of ferrous ions but can grow at the expense of orgamc matter (64) 
Fmally, even the repeatedly substantiated reports that the mtnfymg bactena, 
as well as certam ThtobadUus species, cannot metabohze orgamc substances 
have been refuted Boltjes (17) had observed a favorable influence of “Nahrstoff 
Heyden,” an egg-albumen product, and some of the fatty acids on the growth 
of mtnfymg bactena Later, Bomeke (65) showed that, m the absence of am- 
monia and mtnte, these organisms actually carry out an oxidation of orgamc 
substances The occurrence of a aumlar process m Thwbac thwoxidans has 
also been proved (66, 67) It must, consequently, be conceded that even these 
most typical of chemo-autotrophic bactena have failed to furnish experimental 
facts which would rule out the hypothesis that the synthesis of cellular matenals 
proceeds by way of secondary conversions of one or a few primary assimilation 
products It IS true that the above experiments with mtnfymg bacteria and 
Thtohac thwoxidam have only shown that previously synthesized orgamc matter 
can be oxidized by these bactena themselves Also, the rate at which such 
oxidations occur is very low Attempts at mcreasmg this rate by the addition 
of vanous orgamc substances which might function as metabohtes have, so far, 
not been promismg Nevertheless, it seems well ■withm the realm of possibdity 
that future work m this direction may establish the existence of specific types of 
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organic compounds or of the need of particular environmental conditions to 
accomplish this end Then it might ultimatelj become possible to pronde the 
organisms with an organic medium, dev old of oxidisable inorganic energy sources, 
m which development can be seoured It should, however, be emphasised at 
this pomt that a successful achievement of this program must not bo mterpretcd 
to mean that, under natural conditions, one could find the organisms growmg 
heterotrophically wherever the proper organic roatenals and conditions are 
present, ecological considerations show that in nature their development and 
distribution would be restnoted to thoso environments where the specific mor 
game substrate occurs. 

The abflity of the nitrifying baotena to ovidue orgamc materials has sug 
gested to BSmelco that this function might ciplam the wide discrepancies m 
previous determinations of the ratio ammonia (mtnte) oxidised to carbon dioxide 
assimilated For if a culture were analysed some time after the oxidation of 
the inorganic substrate had been completed a considerable fraction of syn 
thesised orgamc matter might meannhile have been re-oiidiscd It cannot 
now be decided for which experiments this would hold true, but it is certam 
that future work on this phase must pay close attention to this possibihtj 

At first sight, Ruhland’s data on the hj-drogen bacteria appear to contradict 
this idea because the ratio hjxlrogen oxidised to carbon dioxide reduced is defi 
mtely not a function of tune However, the unusual experimental conditions 
provnde a satisfactory answer to this situation In all cases the amount of 
hydrogen m the cultures was considerably m excess of the available oxjgen, 
so that the bacteria were never exposed to conditiona where oxidation of ceil 
materials could supersede the chemo-autotrophic reactions for lack of oxidiiablo 
morgomc substrate. This may partly account for the high efficloncj values ob- 
served with the hydrogen baotena 

In addition to the just discussed uncertamty attaching to tho evaluation of 
the previously detennmed substrate — carbon dioxide ratios, another factor 
must also be considered It has already been remarked that in long time ex- 
penmenta the oxidation of an morgamo substrate will be accompanied bj a 
further conversion of a primary assimilation product which may entail appreci 
able losses In that event all previously established values for such ratios are 
low In view of what has been said earher in connection with the metabolism 
of tho hydrogen bacteria (p 344^-346) it is dear that even the aunultaneous de- 
termination of substrate, oxidation product, oxygen consumption, and carbon 
dioxide assimilation could not ov ercome this difficulty At present tho dosest 
approximations could be achiev ed by short-time experunents m which due con 
Bideration is given to experimentally determined corrections for the concomitant 
oxidation of organic substances 

6 The etdulionary signtficmcc oj ehemiMtuiolnyphie orgamsmt The dis 
covery of chemo-autotrophio bactena showed that Imng organisms can exist 
and grow in a mineral environment and m tho absence of light The assumption 
that such a combination of factors occurred on earth when tho surface had 
cooled down far enough to permit tho existence of living bemgs has led to specu 
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lations m which the chemo-autotrophic bactena were considered as the most 
“primitive” of all known organisms The most mterestmg reconstruction of an 
evolutionary scale among nucrohes is unquestionably Orla Jensen’s attempt 

(68) , based upon the consistent use of such biochemical premises In this and 
sim i l ar schemes it is taken for granted that, at the time when hvmg organisms 
could start mhabitmg the earth, orgamc matter must of necessity have been 
lackmg Recently, however, Oparm has exposed the fallacy of this premise 

(69) , and pomted out that the synthetic mechanisms of the known autotrophic 
organisms m general appear so much more complex than those of heterotrophs 
that, on biochemical grounds, one could make out a good case for the thesis that 
the most primitive of bactena must have belonged to the latter category The 
simple nutnent requirements of the chemo-autotrophs certainly do not justify 
the conclusion that hence their metabohsm is simple ! 

Metabolism is governed by enzyme systems, and many of the known enzymes 
contam active groups which have been identiBed with vitamins and growth 
factors (51, 70) It follows that a knowledge of the vitamms required or syn- 
thesized by an organism may make it possible to draw inferences as to its meta- 
bohc activities Although only a smgle mvestigation on the synthesis of vita- 
mins by strictly chemo-autotrophic bactena has been published to date, the 
results are of great mterest m that they substantiate the supposition that there 
exists a close smulanty m the metabohsm of autotrophic and heterotrophic or- 
ganisms O’Kane (71) has established that Thtobac thiooxxdans, grown auto- 
trophically m a sulfur-contammg medium, contains thiamm, nboflavm, mcotmic 
and pantothemc acids, pyndoxm, and biotm, t e , practically the full comple- 
ment of B-vitamms whose function m the metabohsm of otgamc compounds has 
either been elucidated or can be readily surmised This fact mihtates strongly 
against considenng the metabohsm of these bactena as “primitive ” The 
abdity of all known hydrogen bactena and many other potentially autotrophic 
organisms to develop with a vanety of orgamc compounds makes it very likely 
that m these species the conditions would not be materially different The 
pecuhanties m the metabohsm of the mtnfymg bactena make the latter a tempt- 
mg group of organisms for an extension of this type of mvestigation 

If, therefore, as the present trends mdicate, orgamc compounds were present 
before life appeared on the earth, one can readily subscnbe to Oparm’s further 
deductions to the effect that purely chenucal mteractions between such sub- 
stances may have resulted m the formation of a number of biocatalysts before 
a wholesale destruction of orgamc matter by hvmg microbes became possible, 
and that, consequently, the earher conditions may have been more conducive 
to the development of heterotrophic than of autotrophic bactena 

On the other hand, it must be realized that the foregomg statements do not 
necessarily imply that the metabohsm of the heterotrophic nucro-orgamsms is 
the more pmmtive It becomes mcreasmgly evident that the fundamental bio- 
chemical activities which the now hvmg organisms display are found umversally 
distnbuted This makes it impossible to infer the course of evolution from such 
general biochemical considerations 
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INTERRELATIONS BETWEEN THYROID FUNCTION AND VITAinN 
METABOLISM 

VICTOR A DRIUA 

Departmtnl of Phynoh^jy fforOiwttUm Vntstruiy Vedical ScAool C/tioapo 

During the past fifteen years considemble literature has acoumulated on the 
interrelationships botueen the function of the thjToid gland and ntamin metab- 
olism Most of these studies are experimental, although some clmical observa 
tions have been reported The experimental observations can be divided mto 
two mam groups 1, the effect of a speoifie vitamm deficiencj on the thjToid 
gland, 2, the effect of administration of a vitamin on animals which were given 
desiccated thyroid, or mjeeted with thyioxm, or with the thjTotropic hormone 
of the anterior pituitary gland 

Hyperthyroidism, both experimental and clmical, has been shown to mcreaso 
the requirements for certam ntamins. This mcreased ntamin requirement 
should not imply an anbthyrogemc effect, although the increased reqmremonts 
for certam ntamins mdicate that some of the symptoms of hyperthyroidism, 
previously seen m animals and man, may be due to a secondary deficiency of 
these ntamins The administration of these ntamins in larger amounts will 
correct these socondarj' changes, as will be pomted out m certam cases An 
actual anbthyrogemc effect has only been defimtely shown In a few cases, al 
though other suggestive endence is available, which awaits confirmation and 
elucidation 

Thtboid oiavd akd tttauin a. I Effed 0 } d^aency of mtamin A on the 
thyroid gland McCamson (1931) found hypertrophy of the rat thyroid to occur 
durmg ntamm A defiaencj The thyroid gland of rats and giunea pigs has 
also been reported to be enlarged and mnctivo as a result of ntamin A deficiency 
(Mitikowit^, 1934,Uotila 1938, Schulxe and Hundhausen, 1930a) However, 
other authors were unable to find thyroid hypertrophy durmg vitamin A defi 
dency (Drennnn, Malcolm and Cox, 1931, Sampson and Korenchevsky, 1932, 
Sure, 1938) Sampson and Korenchevsky did, however, obserre hypertrophy 
of the thyroid ^ond when the diet was deficient in both ntamm A and iodine 

Coplan and Sampson (1936) have studied this problem m the greatest detail 
and with adequate control observations Thor studies show the important 
influence of sox, tune interval and diet m studying such problems They found 
that lodme dcfiaoncy alone produced thyroid hypertrophy m male and female 
rats, which persists longer m the female, and is followed by atrophy m both sexes 
Vitamin A defldeney produced a defimto hypertrophy m female, but consistent 
atrophy in male rats. Whereas lodme deficiency and ntamm A deficiency pro- 
duced hyperplasia of the epithehnl cdls of the thyroid gland, ntamin A defi- 
ciency also produced degeneration of the epithehal cells, which the authors 

1 National Research Council FcUow, 1942-1943 Present address. Dept of P harma 
colour. College of Physicians and Surgeona New 1 orlc 

3SS 
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believe is a specific effect of vitamm A deficiency A deficiency of both iodine 
and vitainin A produced h3rpertrophy in male and female rats followed by 
atrophy m the male Hams and Remmgton (1939) observed that neither vita- 
mm A nor carotene influenced the utihzation of mmimal amounts of lodme m 
the rat 

2 Effect of vitamin A administration on the thyroid gland As early as 1923 
McCamson found that the administration of cod hver oil would delay the meta- 
morphosis of tadpoles receivmg a high lodme mtake, and later carotene was re- 
ported to exert a similar effect m delaying the metamorphosis of axolotls (Rokhl- 
ma, 1936) It was also found that vitamin A would depress the acceleratmg 
effect of thyroxin on the metamorphosis of tadpoles (Eufinger and Gottleib, 1933, 
1935) and of salamander larvae (Fleischmann and Kann, 1936) These results 
demonstrate an antagonistic relationship between vitamm A and the thyroid 
gland m amphibia 

Harvey (1927) found that feedmg cod hver oil, which contamed some lodme, 
to goats mcreased the amount of lodme m the milk more than an eqmvalent 
amount of lodme as potassium iodide The admmistration of large amounts of 
vitamm A was reported by Sherwood, Toth and Carr (1934) to reduce the 
amount of colloid m the thyuoid gland of rats, a similar but not as marked a result 
bemg obtamed with cantol and hahver oil (Sherwood and Luckner, 1936) 
Uotila.(1938) obsen'ed that an excess of vitamin A produced a diffuse hyperplasia 
of the thyroid Collazo and Rodriguez (1933) also reported exophthalmos m 
rats receiving large doses of vitamm A Schulze and Hundhausen (1939a) ob- 
served a decreased thyroid activity and decreased thyrotropic content of the 
anterior pitmtary durmg hypervitammosis A Accordmg to Wegehn (1939) 
and Ehner, Giedosz and Scheps (1936) vitamm A does not materially alter the 
thyroid gland, although m some cases smaller folhcles were observed The addi- 
tion of 1 per cent cod hver oil to the stock diet of young rats for 4 months sigmf- 
icantly reduced the thyroid weight, when compared with rats on the stock diet 
alone (Freudenberger and Clausen, 1935) 

Hypervitammosis A can be produced m rats by admimstermg 8,000 to 40,000 
I XJ Vitamm A per day (Dngalski, 1933, Dngalski and Laubmann, 1933, Moll 
et al , 1933) Fasold and Peters (1933) administered 1 cc of Vogan* per day to 
rats and produced symptoms of hypervutammosis A which they reported could 
be prevented, or cured before paralysis occurred, by admmiBtenng thyroxm 
However, Baumann and Moore (1939) and Weslaw and Wroblewski (1939) 
could not confirm these results m fact, they both found that the symptoms of 
hypervitammosis A were enhanced by mjections of thyroxm 

S Effect of vitamin A on weight loss of hyperthyroid animals In an extensive 
senes of studies Abehn (1930a, 1930b, Abehn, Goldener and Kobon, 1926, 
Abelm, Knochel, and Spichtm, 1930) showed the beneficial effects of yeast, egg 
yolk, cod hver od, high protem and high fat diets on the weight of rats fed thy- 
roid gland These authors were mterested m findmg a beneficial diet for use 

* Vogan, used extensively m German literature, 1 cc contains about 6 gamma of iodine, 
40,000 rat umts of vitamin A, vitamin D potency not stated 
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during hyperthyroidism and not m the effect of any particular compound A’’on 
Euler and Kluasman (1932) found that rats mjected inth thyrorm lost weight 
less rapidly when carotene was administered each day According to Loumos 
(1934) a daily dosage of 10,000 U S P umte of vitonim A administered to rats 
receiving 100 mgm of thyroid gland per day had httlo effect on the loss of weight 
An initial loss of weight was prevented for a few days after which tune the loes 
of weight contmued at about the eame rate as control rats Others have ob- 
served that vitamm A, administered in various forms, will affect the loss of 
weight of hyperthyroid animals to various degrees, either only partially or nearly 
completelj preventmg the loss of weight (Abehn, 1935, Schneider and Wid- 
mann, 1935, David, 1038, Steffan and Zois, 1938) Mtamm A ra arnehis oil, 
or araohis oil alone would prevent the toxic action of thyroxin (Fnsold and Peters, 
1933) These results also depend to a largo degree on the dosage of thjioxm 
or thyroid gland employed, and the age and sex of the rats used Hats weighmg 
over 140 grams wiH rapidly lose weight when 100 mgm of thyroid gland are fed 
per day, whereas rats averagmg 100 grams will gam weight for a while Also, 
100 mgm of thjTOid gland per day will produce a more rapid loss of weight than 
will an mjeotion of 100 gamma of thyroxin each daj , and will thus offer a more 
ngorous method of testmg the effect of vitamm A on weight loss. The sex 
differences m hyperthyroid rats can be seen from the data presented by Drill 
(1938b) and Logaras and Drummond (1938) The latter authors admmistered 
19 doses of 100 gamma of thyroxm to rats oxer a period of 28 days. With thj 
roxm, and without vitamin A in the diet their male rats lost an average of 
11 0 grams in weight, and xvith 3000 1 U of vitamm A per day the hyperthyroid 
male rats lost an average of 8 0 grams In the meanUme normal male rats 
receivmg 3000 I ti vitamm A per dav gamed an ax crage of 21 0- grams On 
the other hand, female rats mjeoted xnth thjTroxm xvitbout xntamm A m the diet 
lost only an ax crage of 1 6 grams whereas hyperthyroid female rats receiving 
3000 LD vitamm A per dnj gained an average of 2 0 grams Normal females 
receivmg the same amount of vitamm A gamed an average of 7 0 grams Their 
other experiment wuth rats receivmg 10 1 U xutamm A per daj showed a similar 
result Although vitamm A maj have some protoctixe effect, under specific 
conditions, against the loss of weight of hjperthj-roid animals, it is not as great 
ns gcnorallj mtorpreted in the htoraturc The sUght effect of vitamin A on 
weight reported by Logaras and Drummond xvas obtamed by tho use of small 
doses of thyroxm Sure and Buchanan (1937b) showed an mercased requite 
ment for vitaimn A durmg hj-pcrthjrouiism ns judged bj the appearance of 
xerophthalmm, but did not obtain any effect of moderate doses of vitamin A 
on the ioss of weight of tho rats 

According to Weslaw and Wrobiowsta (1939) rats mjected xnth thyroxin sur 
x-ived longer if xntamm A (as Vogan) xvas administered. Hoxvover, they re 
ported an equally good effect by admmistonng sesame od, the solx-cnt for the 
xnlamm A in Vogan Thus the effect seems non-ejiccific due to tho admmlstra- 
tion of fat In fact, tho authors state tho rata receivmg sesame oil were in better 
condition, had better growth curxes and sumx-cd longer than tho«e fed tho 
xitamm A supplement 
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Wegebn (1939) found that whereas thyroxin increased the number of mitotic 
figures m the hver, this mcrease could be prevented by vitanun A An excess 
of vitanun A is also reported to reduce the protective action of th3Toxm agamst 
the toxicity of acetomtnle m the Reid-Himt reaction m rmce (Fleischmann and 
Kann, 1936) Greaves and Schmidt (1936) obtamed evidence of an mcreased 
utilization of vitamin A m the hyperthyroid rat In the thyroidectomized rat 
the requirement for vitanun A was decreased 

4 Thyroid aciitnty and storage of mtamin A Euler and Klussman (1932) 
obtamed a reduction of vitanun A and carotene m the hver when thyroxm was 
administered When gmnea pigs were fed a vitanun A free diet, the administra- 
tion of carotene led to the storage of vitanun A and carotene m the hver, but 
when both carotene and thyroxm were given the hver failed to show storage of 
vitanun A and carotene (Abelm, 1933, Fasold and Peters, 1933) Although 
Schneider and Widmann (1935) found no carotene and httle vitanun A m the 
hver of hyperthyroid rats, they obtamed an mcrease m hver carotene m thy- 
roidectomized gumea pigs mjected with thyroxm If this report were confirmed 
it might mean that m the absence of the thyroid gland, even though thyroxm 
was mjected, carotene could not be metabohzed to vitanun A Accordmg to 
Schneider and Widmann (1934) the mjection of thyrotropic hormone wifi also 
lower the vitanun A stores m the hver of rats and gumea pigs Logaras and 
Drummond (1938) found no reduction of hepatic vitanun A m rats mjected with 
thyroxm, although the amount of thyroxm used was small The administration 
of thyroxm to scorbutic animals did not cause a reduction of hepatic vitanun A 
(Balassa and Szanto, 1938) Also, feedmg large doses of vitamin A, Baumann 
and Moore (1939) did not observe any reduction of vitamm A m the hver when 
thyroxm was mjected 

In human cases of exophthalmic goiter normal values or an mcrease m hepatic 
stores of vitanun A have been reported Wolff (1932) observed an mcrease m 
hepatic vitamm A in this disease, the mean value for 5 cases of exophthalmic 
goiter bemg 210 I U per gram, whereas m accidental death the value was 147 
I U per gram A similar result was obtamed by Moore (1937), four exophthal- 
mic patients showmg an average of 304 I TJ per gram of hver, the values after 
accidental death bemg 210 1 U per gram 

5 Effect of vitamin A on carbohydrate and protein metabolism in hyperthyroid 
animals Abelm, Knochel and Spichtm (1930) reported that vitamms A and 
D would prevent the fall of muscle and hver glycogen of rats generally produced 
by thyroid feedmg, and a similar result was obtamed with carotene (Abelm, 
1936) David (1938) also reported that vitamm A tended to reduce the carbo- 
hydrate changes of hyperthyroid animals to a minimum Carotene was able 
to counteract the decrease of hver glycogen produced by thyrotropic hormone m 
gumea pigs but vitamm A did not prevent the disappearance of hver glycogen 
when thyroxm was administered (Schneider, 1934, Schneider and Widmann, 
1934) Microscopically, Wegehn (1939) showed some effect of vitamm A on 
liver glycogen, whereas the liver glycogen decreased when both vitamm A and 
thyroxm were administered, it did not altogether disappear, as it did when thy- 
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roxin was admmistfircd alone. However Steffan and Zois (1938) and Fasold 
and Peters (1933) did not obtain any effect of vitamin A on the liver glycogen 
of hyperthyroid rats It was also reported that carotene did not prevent the 
fall of hver glycogen of thyroidectomised guinea piga injected with thyroxin 
(Schneider and 'Wldmann, 1936) 

Vitainin A has been ahown to lessen the oreatmurin soon during hyperthyroid- 
ism (Kscher and Oehme, 1033, 1937, De la Bemardie, 1039), and also to prevent 
the decrease of oreatinme m heart and ekeletal muscle (David, 1938), but one 
group of workers were unable to find any effect of vitomm A or carotene on the 
oreatmuna (Steffan and Zoia, 1038) 

T6r6k and Neufeld (1938) noted that the effect of thyroxm m lowermg the 
serum hpaso content of rabbit serum could be prevented by the simultaneous 
administration of largo doses of vitamm A, but tho effect was only temporaiy, 
for the serum hpase began to fall m a few days, even though the administration 
of vitamm A was oontmuod. 

8 Rdatwn of thyroid function, to carotene metabobem This part of the review 
13 not concerned with any antithyrogemc properties of carotene or vitamm A, 
but with Uie effect of thyroid gland function on the conversion of carotene to 
vitamm A. Noorden (1907) first suggested the assocmtion of carotenemia with 
metaboho disturbances Since then various authors (Hess and Mejars, 1910, 
Head and Johnson, 1021 , Stoner, 1928) have noted the appearance of carotene- 
min in certam mdlviduals, and were unable to reproduce this condition by 
over feeding of vegetables to control patients In the meantime Kunde (1926) 
had noted the appearance of xerophthalmia m rabbits, on a diet that was ade- 
quate for normal rabbits, after they had been thyroidectomucd for 8 to 12 
months Her result can only be mterpretcd now to show that m tho absence 
of the thyroid gland a molecule of carotene waS not converted mto two molecules 
of vitamm A, with tho resultant occurrence of xerophthalmia 

In 1032 Fellenberger and Gructer reported that the milk of thyroidectomued 
goats remamed yellow, which was attnbuted to tho presence of a bpochromo, 
probably carotene A year later Fasold and Heidcmann showed that thyroldec 
tomy m goats decreased tho vitamin A content of goat’s miDc and increased the 
carotene content, leading to tho conclusion that the thjToid gland is necessary 
for the conversion of carotene to xutamin A In tho face of this evidence and 
tho work of Kunde it seems certain that m the absence of the thyroid gland 
carotene is not metabohsed to vitamm A, although the work of Kunde should 
bo repeated using synthetic diets with carotene as tho only source of vitamin A 

Wendt (1038a) also believes that tho thyroid is necessarj for tho conversion 
of carotene to vitamin A and for tho storage of xutamm A m tho h\ er Anderson 
and Soley (1938) reported 13 patients with carotenemia, 5 of which were hypo 
thyroid, 1 hjqxithjTOid case showed hepatic msufficicncj , and three other cases 
showed abnormal liver function Savy et al (1938) obsen cd 5 cases of carotene- 
mla with hver damage, and later (1939) one case of carotenemia with hypothy 
roidism. Bj studymg the dark adaption of hjpothyroid patients Wohl and 
Feldman (1939) also oblamod otidenco that tho con\ crsion of carotene to vitamin 
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A was disturbed Escamilla (1942) reported 7 cases and Mandelbaum et al 
(1942) reported 1 case of hypothyroidism associated with carotenemia As 
thjrroid medication was instituted the blood carotene level fell 
Smce carotene is a hpochrome its metabolism might be expected to follow the 
metabohsm of other hpochromes durmg disease Although carotenemia was 
observed in hypothyroid patients, some functiomng thyroid tissue is still left in 
these patients This then raises the question as to cause of the hepatic damage 
seen m some of these patients Is it due to a long standmg thyroid h 5 q)ofunction 
or the effect of an excess of carotene on the hver? Smce carotenemia was also 
seen in patients without evidence of hypothyroidism, but with hepatic damage, 
it IS possible than an abnormal hver function alone may be the cause of the 
carotenerma These problems stiff await experimental elucidation 
7 Effect of mtamin A on metabolic rate during experimental hyperthyroidism 
There is a good deal of evidence to show that vitamm A partially counteracts 
the high oxygen consumption produced by thjrroid feedmg Rappai and Eosen- 
feld (1935) mcreased oxygen consumption 42 4 per cent by mjectmg thyroxm, 
whereas a rise of only 13 per cent was obtamed when both vitamm A and thy- 
roxm were administered, and an mcrease of 10 per cent when carotene and thy- 
roxm were given Sesame off had no effect on the B M R Abehn (1935) ob- 
tamed a similar mcrease of 50 per cent m oxygen consumption by administermg 
thyroxm and only 20 per cent nse when vitamm A and thyroxm were adminis- 
tered to rats These results were confirmed on rats by Logaras and Drummond 
(1938) and Belasco and Murhn (1940) In an acute study on cats, the mjection 
of thyroxm for three days mcreased O 2 consumption 45 7 per cent, and with caro- 
tm and thyroxm the nse was only 25 4 per cent (Smith and Perman, 1940) 

The R Q of hyperthyroid rats was not affected by vitamm A (Rappai and 
Rosenfeld, 1935), nor did carotene influence the R Q of cats mjected with thy- 
roxm for 3 days (Smith and Perman, 1940) This suggests that vitamm A 
did not selectively affect the metabolism of any particular foodstuff Belasco 
and Murhn (1940) also reported that the mcrease m hver and kidney metabohsm 
seen m hyperthyroidism was not changed by vitamm A 
Chevaher and Baert (1934) reported that vitamm A deficiency mcreased the 
B M R of rats, and that large doses of mtamm A decreased the metabohc 
rate below normal However, Sherwood, Toth and Carr (1934), Belasco and 
Murhn (1940) and Sheets and Struck (1942) did not find any affect of vitamm A 
on oxygen consumption of normal rats The latter authors also found no sig- 
nificant change m th 5 rroidectomized rats fed large doses of vitamm A Rappai 
and Rosenfeld (1935) found that vitamm A lowered the B M R of normal 
rats 4 to 12 per cent 

Sheets and Struck (1942) confirmed the above reports, findmg that after pre- 
medication with vitamm A for 50 days thyroid feedmg raised the B M R of 
rats an average of 25 5 per cent, whereas other rats receivmg only thyroid showed 
a nse of 58 per cent However, after the B M R of these rats had risen to 58 
per cent treatment with mtamm A showed a tendency to lower the level, but did 
not produce any significant change Thus, while the admmistration of thyroid 
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and 'Vitamin A together will prevent the nse in oxygen consumption to the level 
produced by thyroid alone, there la no experimental evidence to show that treat- 
ment with "vitaimn A ■will reduce the high B M R,, once it has been produced 
by thyroid feedmg 

8 Thyroiroptc hormone of the anterior pituitary gland and oitamin A There 
are reports which indicate that vitamm A will partially prevent the histological 
changes produced m the thyroid gland of guinea pigs by injection of thyrotropic 
hormone (Schneider, 1034, Fellmger and Hochstaedt, 1036, Elmer, Giiosi and 
Scheps, 1036) Parhon and Werner (1036) have reported that thyroxm or 
thyrotropic hormone reduced the blood carotene m ducks Accordmg to Sohulie 
and Hundhausen (1030n) a lack of vitanun A leads to mcreased thyroid activity 
and mcreased thyrotropic potency of the pituitary gland, whereas hypemtamm 
osis A has the opposite effect 

9 Clinical eiudtee on thyroid function and carotene and vitamin A metaidliem 
Mellanby and Mdlanby reported (1021b) that patients with exophthalmic goiter 
recamng a diet high m cod hver oil and low m fat gamed ■weight Although no 
figures were given, the B M R was also reported to bo lowered Others have 
also studied the effect of iodised fatty aad and ■vitamins A and D in the treat- 
ment of Graves’ disease (Adamson and Cameron, 1028, Fraser and Cameron, 
1929, Rabmowitch, 1929) Their results are compheat^ by the simultaneous 
administration of lodired fatty aads or of lodme contamed m the cod hver oil 

Wendt (1936a, 1935b) obse^ed that patients mth Graves’ disease had praob 
cally no serum vi tamin A and had low serum carotene i alues. The admimstra 
tion of yi tamin A to such patients caused less of a nse m plasma vitamm A than 
IS seen m normal pereons These scrum values were observed to moieaso after 
successful iodme treatment or surgery He also found a low scrum ntamm A 
■value in cretins, which showed httle change when carotene was administered 
orally This confirms experimental work discussed above, where the thjTOid 
^and was found to be necessary for the conierslon of carotene to vitamm A. 
Clausen and McCoord (1938) observed two hjiierthyroid patients with low plas- 
ma vi tamin A and carotinoids The majonty of their hypothyroid patients 
showed a high p lasma carotene value, and m all cases the vitamin A value was 
low When several of the hypothyroid patients wore studied, following thyroid 
therapy to elevate the B M R. and lower blood cholesterol, the carotene and 
ntamm A \ alues tended to return to normal Wendt (1936c) also reported that 
large doses of ntamm A (as Vogatf) Increased the weight and lowered the 
B M R. from 46 per cent to 20 6 per cent in three hj’pcrthyrold pabents, 
and two other pabents shoived some improvement (cf Wendt, 1036) Diotnch 
(1036) also found ntamin A to bo beneficial m three of sm h>'pcrthyroid pabents 
Abelm (1936) advocates the use of ■vltainm A m conjunebon with lodme and 
dliodotjTOsme as an aid in controlhng crisis and the temporary exacerbation 
that may occur under such treatment 

Studies on the dark adaptabon of hj’perthyroid pabents also mdicated a 
dcficicncj of ntamm A m hypcrthyroid pabents (Wohl and Feldman, 1939) 
Evidence was obtamed which suggested that the administration of thjTOid ex- 
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tract or a-dimtrophenol facihtates the utilization of vitamin A by the visual 
mechanism, representmg an increase m the speed and extent of visual puiple 
regeneration (Patek and Haig, 1941) Godtfredson (1941) found impaired dark 
adaptation and hver function m ten h 5 rperthyroid patients He suggests that 
the liver damage m hyperth 3 rroidism disturbs vitamm A metabolism. 

Fasold (1937) treated 7 girls "with adolescent goiter, none showmg any symp- 
toms of hypo- or hyperth 3 Toidism, with Vogan, administenng 30 drops 3 times 
a day After about one month of treatment the tumor had regressed, but re- 
curred a few weeks after treatment was discontmued The dose of Vogan used 
supphed about 3 6 gamma of lodme per day 

In 1938 Catel reported a case of hyperthyroidism m a child which was treated 
with vitamm A The blood level of vitamm A was raised but the B M R 
and other symptoms were not affected Jacobi and Pomp (1938) studied 14 
cases of hyperthsnoidism, some treated by rest and diet, and others treated by 
rest, diet and the administration of vitamm A as Vogan The cntena of im- 
provement they used were decreased B M R and pulse rate, mcrease m weight, 
and improvement of general condition, but they did not find any beneficial 
effects from the vitamm A supplement 

Although experimental evidence shows that vitamm A has some relation to 
thyroid function, the clmical results are as yet too few to draw any conclusioiis 
concemmg the efficacy of this treatment, and such factors as hospitalization, 
diet and rest It shoifid also be borne m mmd that plasma carotene and vitamm 
A wiU vary from the norm m diseases other than thyroid disorders (Clausen and 
McCoord, 1938, Moore, 1937) 

Summary A deficiency of vitamm A will produce thyroid hypertrophy, al- 
though a sex difference m response is present An excess of vitamin A seems to 
decrease the amount of colloid m the th 3 TOid gland, although this result is still 
controversial, as is the effect of thyroxm on hypervitammosis A In amphibia, 
however, a definite antagonism between thyroxm and vitamm A has been 
demonstrated 

Experimental hyperthyroidism m mammals mcreases the requirements for 
vitamm A However, the degree to which the administration of vitamm A will 
prevent a loss of weight m such animals is not clear, especially as some authors 
have observed no effect of vitamm A on weight loss and others have obtained 
the same effect with the vehicle m which the vitamm A is dissolved The effect 
of hyperthyroidism on the hver stores of vitamm A, and the effect of vitamm A 
on hver glycogen durmg hyperthyroidism still await further clarification, al- 
though vitamm A seems to decrease the creatmuna observed m such animals 

All of the evidence to date mdicates that m the absence of the thyroid gland 
carotene is not metabolized to vitamm A Vanous authors also agree that the 
simultaneous administration of vitamm A with thyroxm will partially prevent a 
rise m the B M R , this bemg the first defimte antithyrogemc action of vitamm 
A to be demonstrated However, there is no emdence to mdicate that the treat- 
ment of hyperthyroid ftnimnlR with vitamm A will lower the B M R There is 
some endence to mdicate that vitamm A will partially prevent the histological 
changes m the thsmiid produced by the thyrotropic hormone 
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ChniciUy, hyperthyroidism mcreases the requirement for vitamm A, also 
lowermg aerum vitamin A and Berum carotene Although the adminiatration of 
vitamin \ to such patients will provide for the moreased requirements, any other 
effect of vitamm A m Buoh patients awaits further demonstration 
Tbtrou) gland and viTAUiN Bi Effect of defiaeney of vtiamtn Bi on Oie 
ihyrotd gland McCamaon (1914) first reported hyperplasia of the thyroid 
gland of pigeons fed a polished nee diet. Later Spence (1932, 1934) observed 
thyroid enlargement m rata, the diet however contammg multiple deficiencies 
There is also said to be a decreased amount of thyroid hormone m the thyroid 
gland dunng vitamm B deficiency (Venar and Vasarhely, 1924) and Aalsmcer 
(1932) suggests that benben is associated with dysfunction of the thyroid gland 
Accordmg to Fischer (1933) a deficiency of both lodmo and vitamm Bi wiil pro- 
duce thyroid hypertrophy However, lodme deficiency alone will produce 
thyroid hypertrophy and will reduce the amount of iodine in the thyroid gland 
A recent study by Sandburg and Holly (1933) revealed some mterestmg re- 
sults They fed rabbits an autoclaved diet of alfalfa hay and rolled oats and 
found that the thyroid mcreased m sue and was very vascular in appearance 
They then made the observation that the administration of either iodme or 
yeast had on effect on the Ca and P metabolism of rabbits with hyperplastic 
thyroids. Both the lodmo and yeast caused a marked morease in Ca excretion, 
changing the ratio of Ca and P retention from CbP>= 1 OJtoCaP”! 216 
Presumably the effect of the yeast on the Ca and P metabolism of rabbits with 
hyperplastic thyroid glands was due to its vitamm Bj content, ns no effect was 
obtained ivith autoclaied yeast 

Other experiments on vitamm B deficiency hai e generally shown an mcreasc 
m colloid, later, as the time of deficiency mcreased, followed by atrophy of the 
thyroid gland (cf Meyer, 1937, for earher references,— Sclmcider, 1638o, Hund 
linusen and Schultio, 1939) Sure (1938) reported an increase in thyroid weight 
m Bi deficiency ho change in the size lodme content, dry matter, or structure 
of the thyroid gland of rats on a mtamin B deficient diet has been observed by 
Carpenter and Sharpless (1937) and Hams and Remmgton (1939) Carpen 
ter and Sharpless also concluded that the colloid goiter developed in rats by 
feedmg a low lodmo and a vitamm Bi deficient diet could bo prevented by feedmg 
more lodme or \utamm B Homs and Bemmgton failed to confirm this obsen a 
tion They found no difference between the effect ol y east or autoclav ed yeast 
on the thyroids of rats fed a low iodme diet, and supplements of vitamm B, failed 
to prevent the picture of colloid goiter from appealing A dunmished food in- 
take per so 13 reported to have no effect on the thyroid gland (Hundhausen, 1939) 
Spence (1934) found no effect of a vitamm B extract on sue or vascularity 
of the thyroid gland of rabbits fed fresh cabbage and rolled oats 
Bagliom (1940) reported that the odmmistration of vitamin Bi did not alter 
the histological appearance of the guinea pig thyTOid, whereas Giedosi (1038a) 
has reported mjections of vitamin Bj in tho guinea pig stimulate the thyroid 
gland 

Z Effect of defiaeney of other B ptlamtne on the Ihyrmd gland Gicdosr (1938b) 
obsen ed stimulation of tho thyroid m gumca pigs durmg a deficiency of vitamm 
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Bj, and Sure (1938) reported that 88 per cent of the rats showed an erage in- 
crease of 42 8 per cent m thjTxud weight during a vitamin Bj deficiency Sure 
also found a shght mcrease m thyroid weight during a deficiency of vitaimn B«, 
and also found that 65 per cent of the rats showed a 28 per cent increase in thy- 
roid weight on a B complex free diet Uotila (1938) reported that a deficiency 
of the vitamm B complex produced thyroid atrophy, the folhcles bemg en- 
larged and filled with colloid 

S Rdation of B mtamins to calorte intake and weight during experimental hyper- 
thyroidism That a relationship exists between calone mtake and vitamm Bi 
requirements has been demonstrated by many authors (cf Cowgill, 1934) 
Himwich, Goldfarb and Cowgill (1932) first studied the relation of calone mtake 
to the B vitamms durmg hyperthyroidism They found that normal dogs fed 
a yeast-free diet developed anorexia m an average of 32 days, whereas hyper- 
thyroid dogs fed a yeast-free diet developed anorexia m an average of 17 days 
These dogs started to regam their lost weight when 10 grams of a vitamm B 
concentrate was fed each day Cowgill and Palmien (1933) also found that the 
Yitamm B requirement (as yeast) of pigeons was mcreased by feedmg thyroid 
gland This report has been amply confirmed (Capraro, 1937, Mounquand, 
Morm and Czerszchowska, 1939, Morm and Czerszchowska, 1939) 

It was then observed by Sure and Smith (1934) that a potent vitamm B con- 
centrate protected rats receivmg thjTOxm from a loss of weight With the ad- 
vent of crystallme vitamm Bi Sure and Buchanan (1937a) restudied the effective- 
ness of vitamm Bi m preventing the loss of weight produced by hyperthyroidism 
Their tables show that 7 rats fed diet 3080, contammg 15 per cent autoclaved 
yeast, and receivmg 0 2mgm of thyroxm (orally or parenterally?) per day gamed 
64 to 108 per cent of the weight of control rats when a supplement of 30 to 300 
gamma of vitamm Bi was administered each day Rats on the same diet fed 
0 5 gram of yeast per day plus 0 2 mgm of thyroxm per day gamed 52 to 132 
per cent of the weight of control rats The change m weight of untreated rats 
receivmg the same diet and thjToxm is not stated 

Dnll (1938b) studied the effect of vitamm Bi and yeast on hyperthyroid rats 
that had lost weight, to determme if such treatment would enable them to re- 
gam their lost weight When the rats had lost an average of 23 grams m weight 
they were mjected with 500 g amm a of vitamm Bi per day The vitamm Bi 
stopped a further loss of weight, but the rats did not regam their lost weight until 
a rich source of the vitamm B 2 complex was a dminis tered A sex difference m 
response was also observed These results were confirmed and extended by DnU 
and Sherwood (1938) They reported that the effect of vitamm Bi m stoppmg 
further loss of weight m h 3 perthyroid rats was due to the mcreased calone mtake 
which it produced Although vitamm Bi mcreased food mtake and prevented 
a further loss of weight, the rats still did not regam their lost weight until a nch 
source of the vitamm Bj complex was supphed Thus m addition to vitamm Bi, 
some other factors m the Bj complex are also required m larger amounts than 
normal If the rats were limited to 13 grams of food per day the vitamm Bi 
mjections did not stop a further loss of weight The effect of vitamm Bi m pre- 
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ventiDg a further loss of weight of hyperthyroid rats woa confirmed by Peters 
and Rossiter (1939) It was later found that pyndonne (vitamin B<) and cal 
cium pantothenate con effectively replace the Bj complex addition to the diet of 
hypcrthyroid rats, and the rats regamed and mamtamed their lost weight while 
stiH recervmg thyroid gland (Drill and Overman, 1942) Thus in addition to 
vitamm Bi, both pyndoxme and pantothemc acid are required in larger amounts 
during experimental hyperthyroidism 

Whe n a small amount of yeast was fed to hyperthyroid dogs an miUal mcreaso 
in food intake was observed The removal of the yeast from the diet after 4 
to 9 weeks of thyroid feeding produced a sudden and marked drop m appetite 
to values below normal withm a few days (Drill, 1941) The subcutaneous m 
jection of 2 mgm of vitamin Bi restored the appetite to its previous hyperthyroid 
level withm 24 to 48 hours This suggests that anorexia is not a primary effect 
of hyTiorthyroidiam but is a secondary symptom due to a deficiency of 
vitamm Bi 

Hyperthyroid dogs that lost weight, foBowmg the removal of the yeast from 
the diet, require mcreased amounts of vitamm Bj and the vitamin B complex m 
order to regam them lost weight (Drill and Shaffer, 1942), confirmmg previous 
work on rats By administermg sufficient B vitamins from the start of thyroid 
feedmg it was found possible to maintam the weight of 3 of 4 hyperthyroid dogs 
for as long ns 112 days The food mtake of such dogs is above normal A 
similar maintenance of body weight of thyroid fed rats receivmg yeast con- 
centrate was obtamed over a period of 79 ^ys (Drill, Overman and Leathern, 
1943) 

4 Effect of B niatmne on atnmt cyde dxamg hyprrihynndxtm Earlier studies 
have shown that thyroid feedmg soon produces a constant dicstrus in rats. 
Hyperthyroid rats receiving vitamm Bi and yeast supplements were observed 
to maintam normal estrous cycles (Drill and Sherwood, 1938) In further studies 
it was shown that hyperthyroid rata receiving a normal but small amount of 
y east each day, had oidy two or three estrous cycles before entenng complete 
dicstrus Besides a loss of woi^t, these rats also showed a fall in pituitary and 
ovarian weight, ovarian sections suggesting a lack of anterior pituitary hormone. 
Other rats receivod thyroid gland and yeast concentrate for 79 days with com 
plete maintenance of weight and estrous cycles The weights of the pituitary 
and ovaries were normal, as was ovarian histology (Drill, Overman and Leathern 
1943) 

5 The B mlamtm and Uver function durmg expertmeniai hyperthyroidism 
Yoiimans and Warfield (1926), using the phenoltotrachlorphthalem test, did 
not detect hepatic damage in hyperthyroid dogs. With the use of more sensitive 
tests thyroid feedmg was shown to produce an mcreaso in bromsulphalem reten- 
tion (Drill and Hays, 1940) and a nse in scrum phosphatase (Drill and Shaffer, 
1943) Drill and Hays (1940) fed thyroid gland to 6 dogs receivmg a small but 
normal amount of y east. Three of the dogs deieloped abnormal hver functions 
during the period of thiuoid feeding, the dyo retention bemg further increased 
by removmg the yeast from the diet The other two hyperthyroid dogs still 
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liad a normal liver function durmg this penod, and removing the yeast from then- 
diet produced an abnormal dye retention -within 24 hours Although the de- 
ficiency of the B vitamins seems to bear a causal relationship to the production 
of hepatic damage m thyroid fed dogs, it does not mean that it is the only or the 
most important factor Later studies on this problem were reported (Drill and 
Hays, 1942), showmg that once an abnormal hver function had been produced 
m h 3 ^erthyroid dogs, -treatment -with large doses of -vitamm Bi and yeast con- 
centrate did not improve the abnormal hver function It was also shown that a 
yeast-free diet renders dogs extremely susceptible to the effects of thyroid feed- 
mg, an abnormal hver function bemg produced m an average of 22 days (Drill, 
Shaffer and Overman, 1943) Thyroid fed dogs recei-mng a small amount of 
yeast each day developed an abnormal hver function m an average of 45 days 
When hyperthyroid dogs were fed a high B -mtarmn diet it took an average of 90 
days before an abnormal hver function was observed Thus, the amount of B 
-vitamins fed has a direct relationship to the time elapsed before an abnormal 
hver develops A high B -vitamm diet -will delay but -mil not prevent the appear- 
ance of an abnormal hver function m hyperth 3 Toid dogs 

6 The B mtamins and pidse rate during experimental hyperthyroidism The 
effects of diets deficient m -vitamm B on the cardiovascular system of man and 
animals have been discussed by Weiss and Wilkins (1937) and Frazier and Eav- 
din (1938) In the dog and rat a deficiency of -vitamm Bi produces bradycardia, 
whereas m human benben bradycardia is rarely observed and tachycardia is 
common Parade (1938b) reported that thyroid feedmg durmg a deficiency of 
vitamm Bi will retard the development of bradycardia and subnormal tempera- 
ture In experiments on dogs thyroid feedmg produced a marked tachycardia 
of 150 to 160 beats per mmute (Drill and Hays, 1942) The removal of the yeast 
from the diet of these dogs after 30 to 60 days caused a marked drop m pulse 
rate to values below 100 beats per mmute, while still feedmg thyroid gland The 
mjection of these dogs -with -vitamm Bi raised the pulse rate to its pre-vious hyper- 
thyroid level -withm 24 to 48 hours Thus, the action of an excess of thyroid 
gland m producmg tachycardia m dogs depends m some manner on an adequate 
supply of vitamm Bi, possibly through an effect on food mtake (Parade, 1937, 
1938a) 

Hyperthyroid dogs fed a yeast-free diet develop only a shght tachycardia which 
returns to normal -withm 10 days (Drill, Shaffer and Overman, 1943), and hyper- 
thyroid dogs recei-vmg a high B -vitamm diet mamtam a high pulse rate for only 
80 to 100 days, after which time the puke rate falk towards normal The drop 
m pulse rate at this tune seems to be associated -with a compensatory hyper- 
trophy of the heart 

7 The B mtamins and liver glycogen during hyperthyroidism Abelm and co- 
workers first studied the effect of foodstuffs on hver glycogen durmg experimental 
hyperthyroidism (Abelm, 1930, Abelm, Knochel and Spichtm, 1930) Among 
other findmgs, discussed ekewhere m this paper, they found that yeast would 
prevent the fall m hver glycogen of rats fed th 3 Toid gland for 5 to 6 days This 
observation was confirmed by DnU (1937) who studied the hver glycogen of rats 
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injected with small amounts of thymrm Franer, Brown, and Vars (1939) 
obtamed a partial nse of liver glycogen In one of three groups of hyperthyroid 
rats treated with yeast and Molver and Winter (1941) obtamed maintenance of 
liver glycogen m 4 of 6 hyperthyroid rata treated with yeast Drill, Overman 
and Shaffer (1942) also found that yeast concentrate would maintam the weight 
and liver glycogen of rats fed thyroid gland for 86 days Yitanun Bj ia also re- 
ported to dimmish the creatlnuria produced m rats by injecting thyronn (Do la 
Bernardia, 1939) 

8 Effect of hyperthyrouiim on vtiamtn Bi content of tusua Hats fed 100 
mgm of thyrmd gland per day and 12 grams of a normal diet per day supplying 
lOB I U of vitamm Bi per day showed a normal amount of vitamin Bi m the 
spleen, a reduction in the kidney, and a marked reduction m the liver The 
abihty of hyperthyroid rata to store vitamm Bi was studied m a similar group of 
rats injected with 600 gamma of vitamm Bi during the last mne days of the ex- 
periment When compared with control rats inj ected with vitamin Bi the hyper- 
thyroid rats showed a normal amount of vitamin Bi m the spleen and musdc, a 
slightly ndsed content m the heart and a defimte reduction m the kidney and 
liver The storage in the whole hver was 36 7 per cent less than the controls 
(Drill, 1938a) Peters and Rosslter (1939) confirmed the above report using 
rats injected with thyroxm and the oaatorulm teat for vitamm Bi, and found a 
lowered amount of cocaiboxylase m rat tissues, the greatest lowermg agam being 
observed in the hver Hyperthyroidism m the rat does notmcrease the rate of 
absorption of vitainln Bi from the mtestine (Stockholm, Althauson and Borson, 
1941) 

Schneider and Burger (1938) found that control patients excreted 80 to 100 
gamma of vitamm Bj in the urmo per day , bemg between 7 and 8 gafnroa per 
cent, with a serum value of 0 4 gamma per cent. Hyperthyroid patients ex 
orated an av erage of 8 4 gamma per oent of vitamm B, m the urme but with a 
daily output averagmg gamma per day Coincident with this large m 
crease m Bi excretion was a daily urme output averaging 2770 co After opera 
tion the urme output sank to an average of 1100 cc with a normal value of 79 9 
gamma of vitamm Bi per day 

9 Vttamtne of the Bt comptec and the thyroid gland The effect of a deficiency 
of the vitamins of the Bj complex on the thyroid gland has been discussed above 
In 1926 Kunde reported that thyroldeetommed rabbits, receiving the same diet 
ns normal animals, develojied pellagra like lesions on the dorsum of the feet, 
the neck, mouth and nose, after 8 to 20 months of complete thyroidectomy It 
IS intercstmg that Greene (1938) observed two patients with myxedema and 
pellagra that showed a similarity of gastroentenc, neurologic, and psychic symp- 
toms and to a certam extent, similar dermatologic manifestations Dnil and 
Overman (1942), studymg the weight changes of hyperthyroid rats, did not find 
any evidence of an increased requirement of ribollavm, abov e that supphed by 
the daily yeast supplement The mcrcased rcqmrcmcnts of pyndoxino and 
pantothenic acid during hyperthyroidism hai c been reported above 

10 Thyrotropic hormone of the antenor pitmtary gland and the B ntamine 
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Elmer, Giedosz and Scheps (1937) did not find any antagonistic effect of vitamin 
Bi on tlie thyroid stimulation produced in gmnea pigs mtli the thyrotropic hor- 
mone Smular results were obtamed by Schneider (1936b) Cuttmg and Rob- 
son (1939) reported no effect of daily administration (length of administration?) 
of 40 I U of Vitamin Bi and 12 Sherman umts of vitamm Bj on the B M R 
of two gumea pigs mjected with thyrotropic hormone Vitamm Bi did not pre- 
vent the death of gumea pigs or lessen the reduction of hver glycogen of gumea 
pigs m] ected with large doses of thyrotropic hormone (Schneider, 1938b) Gent- 
zen and Moure (1938) reported that premedication with vitamm Bi lessens the 
effect of th 3 Totropic hormone on the B M R of gumea pigs 

The thyroid gland of rats fed a Bi deficient diet is said to respond normally to 
an mjection of thyrotropic hormone (Schneider, 1938a), although extracts of the 
pituitanes of such rats, when tested on immature gumea pigs, were found to be 
less active than extracts from normal rats (Hundhausen and Schulze, 1939) 

Elmer, Giedosz and Scheps (1938), Hoen and Oehme (1938), and Wahl (1939), 
showed that the admmistration of nboflavm (vitamm Ba) did not affect the 
B M R or histological picture of the th 3 Toid of normal gumea pigs, or of gumea 
pigs injected with thyrotropic hormone Wahl (1939) reported that nboflavm 
augmented the mcrease m B M R produced by thyrotropic hormone. Ribo- 
flavm deficiency does not affect the thyrotropic content of the pitmtary (Schulze 
and Hundhausen, 1939) 

11 Cltmcal studio on the B vitamins and Hiyroid activity Shimazono (1931) 
reported that lodme and thyroid substance have a curative effect on the paral- 
ysis produced by vitamm B deficiency, but that these substances were not toler- 
ated by patients with benben imtil the cardiac symptoms were first treated and 
reheved In studymg blood lodme, Takasugi (1931) found that in benben there 
was first an mcrease m blood lodme and B M R both of which later dropped 

Means (1937) mentioned 3 hyperthyroid patients, studied by Lerman and 
Hertz, that gamed weight when a high B vitamm diet was administered In 
1938 Frasier and Ravdm studied the effect of vitamm Bi and yeast on the pre- 
operative preparation of patients with Graves’ disease They found not only 
improved nutntional status, as judged by mcreased appetite and gam m weight, 
but also that “patients with severe hyperthyroidism can be adequately prepared 
for operation m a shorter tune” The patients treated with the B vitamms also 
showed a larger preoperative fall m pulse rate than control patients No in- 
fluence of the supplement of B vitanuns was found on the B M R or on the 
seventy of the post-operative reaction Frazier and Ravdm administered about 
2\ tunes the estimated daily requirement of vitamm Bi Experimental work 
mdicates that the requirement for vitamm Bi dunng hyperth 3 U 0 idism may be 
larger than this (Drill and Shaffer, 1942), suggestmg that larger doses of the B 
vitamms imght be more beneficial Scrutmio (1939) also reported that ad- 
ministration of 1000 I H of vitamm Bj mcreased the weight and decreased the 
B M R of hyperthyroid patients The author favors the use of vitamm Bi 
m cases of hyperth 3 Toidism with cardiac decompensation Hertzler (1941) 
also uses vitamm Bi m preoperative preparation of toxic patients, cardiotoxic 
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patientfl, and in thyroid cnsis Jacobi and Pomp (1938) reported on 14 cajca 
of hyperthyroidism, some were treated by rest and diet, while others received 
the same regnnen plus the administration of vitamm A, either alone or in com 
bmation with vitanun Bi They reported no apparent beneficial effects from 
the a dminis tration of vitaram A, either alone or in combination with vitanun Bi 
The moreased urinary cxcrebon of vitamm Bi m patients with Graves’ disease 
has been discussed m section 8 of this review 

Summary As vnnous results have been reported no defimte conclusion can 
be stated at this tane, as to the effect of a vitamm Bi defiaenoy of the thyroid 
gland However, the eipenments of Carpenter and Sharpies!, and Hams and 
Eemmgton show no effect of idtamm Bi deficiency on the thyroid gland, and m 
other cases the possibihty of an lodme deficiency must be ruled out Hyperthy 
rouJism mereases the requirements for vitamm Bi, vitamm B» and pantotheiuc 
acid The administration of sufficient yeast concentrate to thyroid fed animals 
will prevent a loss of weight, or will allow hyporthyroid annnals which have lost 
weight to regam their lost weight The mamtenanco of body weight is due to 
the mcrease m food mtake that occurs when the mereased requirements for the 
B vitamins are met Such animals will also mamtain normal estrous cycles 

Experimental hyperthyroidism has been shown to produce hepatic damage, 
which IS related m part to the amount of B vitamins supphed in the diet Vita 
mm Bi also shows a relation to the cardiovascular system m expenmontal hyper- 
thyroidism, and yeast concentrate tends to maintam the liver glycogen of thj - 
roid fed animslfl 

Hyperthyroidism decreases the amount of vitamin Bi m i anous rat tissuos, 
and cluucally there is an mereased excretion of vitamm Bi Vitamm Bj docs 
not appear to antagomze the administration of the thyrotropic hormone Clin 
ically most authors have reported a beneficial effect of vitamin Bi and yeast in 
patients with Graves’ disease, although on© paper reported no effect when i ita- 
mm Bi was administered 

Timtoni GLAND AND viTAiaN C 1 Effect of a defiaenq/ of miamn C on the 
thyroid gland In 1016 Rondoni and Montagnani observed hemorrhagic infiltra 
tion of the thyroid gland of guinea pigs on a vitamm C deficient diet. McCam 
son (1020a, b) confirmed this findmg and also noted an mcrease in thyroid weight 
of scorbutic gumea pigs, sometimes 2 or 3 times normal An irregular enlarge- 
ment of tbe thyroid was also observed by Bessesen (1023) However, I-6wj 
(1023) did not find changes in the thyroid gland of guinea pigs during scurvy, 
and Meyer (1928) reported irregular changes in the thyroid of guinea pigs fed a 
titamm C deficient diet for 30 dai-s and concluded that no noteworthy changes 
took place. 

Harris and Smith (1928) reported an increase m both the height of the follic 
ular epithelium and number of mtor fofiicular cells, with a decrease in amount 
and an mcrease m the vacuolation of the colloid, after chrome scurvy lastmg 97 
days They also suggested a possible Influence of vitamm C on lodmc mctabol 
ism Abercrombie (1936) confirmed the findings of Hams and Smith, also 
observing hemorrhagic infiltration to a shght extent in normal animals, more so 
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m acute scurvy of 29 days' duration, and mucli more marked m 126 days of chrome 
scurvy He further found that potassium iodide or thyroid gland, adminis- 
tered dunng acute or chrome scurvy, exerted their characteristic effect on the 
thyroid gland, without prolonging the life of the vitamin C deScient gumea 
pigs, and concluded that vitamm C is not concerned m lodme metabolism 
Neither Rondom and Montagnam, Lowy, Hams and Smith, nor Abercrombie 
found any effect of starvation on the histology of the gumea pig thyroid 

May (1937) also found that vitamm C deficiency m the gumea pig produced 
a marked h 3 ^eremia, somewhat mcreased activity, irregular structure, and the 
formation of utricles and vesicles without colloid The therapeutic or pro- 
phylactic ad min istration of vitamm C would prevent these changes Other re- 
ports on vitamm C deficiency m the gumea pig have also shown hyperplasia and 
hypersecretion of the thyroid gland, which was more marked m chrome than 
acute cases (Schulze and Lmnemann, 1938, IJotila, 1938) Vitamm C did not 
prevent the hyperplasia produced by feedmg fresh cabbage to rabbits (Spence, 
1934) 

S Increased reguiremenls of mtamin C and effect of vitamin C during expen- 
menial hyperthyroidism Whereas the administration of 0 5 mgm of ascorbic 
acid per day would prevent the loss of weight of scorbutic gumea pigs. Demole 
and Ippen (1936) reported that 10 to 20 mgm per day were required when the 
animals were mjected with 0 1 mgm of thyroxm per day Fischback and Ter- 
brflggen (1937b) found that thyroxm administration to scorbutic gumea pigs 
mcreased the loss of weight, but that if large doses of ascorbic acid were given 
before the thyroxm the loss of weight was less Ray (1938) also reported that 
the requirements of thyroid-fed rabbits for vitamm C was mcreased Vitamm 
C deficiency and hyperthyroidism are also said to produce the same blood picture 
in gumea pigs (Aszodi, 1937) Brandt (1937) observed that the effect of thyroid 
gland on the axolotl was less when vitamm C was also given It is also reported 
that vitamm C will reduce the blood lodme of normal and hyperth 3 rroid animals 
(Lohr, 1936) 

3 Effect of vitamin C on carbohydrate and protein changes in hyperthyroid ani- 
mals Fischbach and Terbriiggen (1937a) found that the effect of thyrotropm 
m lowermg hver glycogen was inhibited by large doses of vitamm C, but that 
vitamm C did not prevent the fall m hver glycogen when thyroxm was admmist- 
ered Large doses of ascorbic acid were also reported to prevent a loss of muscle 
glycogen and partially prevent a fall of hver glycogen produced by thyroxm 
(Steffan and Zois, 1938), and would prevent or suppress the loss of muscle glyco- 
gen produced m gumea pigs by mjectmg thyrotropic hormone 

The creatmuna observed dunng hyperthyroidism has been found to be re- 
duced by the administration of vitamm C (Fischer and Oehme, 1937, v Plehwe, 
1938, Steffan and Zois, 1938, De la Bemardia, 1939) Similar results have 
also been reported after the administration of thyrotropic hormone (Steffan 
and Zois, 1938) 

Vitamm C wdl not prevent the faU m serum hpase mduced m rabbits by thy- 
roxm (Tfirok and Neufeld, 1938) 
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4 Thyroid adunly arid tissue mtamtn C Manj autliore have reported a de- 
crease of vitamin C in the adrenal during hyperthyroidism (Demole and Ippcn, 
1936, Moeonyi, 1936, Plant and BQlow, 1936, Nespor, 1930, Farmer and Fn 
bourg, 1942) Farmer and Fnbourg behove that the effect of thyroid feeding in 
increasing the anaphylactic response of gumea pigs is due to the reduction of 
adrenal vitamin C, which m turn lowers the cortm content of the ndrennl This 
hypothesis, however, requires further testing as to the therapeutic administration 
of vitamm C m preventing the changes reported Contrary to ali of the above 
reports Paal and Brecht (1937) reported that the administration of thyroxm and 
thyrotropic hormone to guinea pigs increased the amount of vitamm C m the 
adrenal, and Ray (1938) observed no decrease m vit amin C m adrenals of thy 
roid fed rabbits. Mosonyi (1936) found that the loss of vi tamin C m the U\ er 
and adrenals of guinea pigs after thyroion could be prevented by vitamin A 
In dogs, hyperthyroidism also reduced the vitamm C content of the hver and 
adrenals, whereas thyroidectomy produced the opposite results (Thaddca and 
Runne, 1938) Sure and Theis (1939) observed that the reduction of vitamm 
0 m vanous rat tissues produced by thyroim was accentuated when a supple- 
ment of vitaimn Bi was not administered 

6 Effect of tnlamtn C on metabolic rale during experimental hyperthyroidism 
Demole and Ippen (1935) and Oehmo (1936) found that vitamm C would part 
laHj reduce the high B M R. seen m hyperthyroidism This was confiimed bv 
Belasco and Murhn (1940), who also reported that the mcreased motabohsm of 
hvfer and kidney durmg hyperthjToidism was not mfluenced by mtamm C 

6 Thyrotropic hormone of the anterior pituitary gland and intamin C Tlie 
admimstration of ascorbic acid is said to produce changes m the thyroid gland 
smiilar to that mduced bj thyrotropic hormone (Heyl, 1934) Schulze and 
Linnemann (1938) did not 6nd an moreaso of thyrotropic hormone m the pilm 
tary gland during vitamm C deficiency 

There is some evidence that vitamin C will partiallj inhibit the action of the 
thiTOtropio hormone m the thyroid gland (Marme, Baumann and Rosen, 1934 , 
Ehner, Giedoss and Scheps, 1935, Schuizo and Linncmonn, 1938) Other au 
thors, however, did not obtam any effect of largo doses of vitamm C on the 
thyroid hyperplasia produced by thyrotropic hormone (Spence and Scowen, 
1936, Schaffer, 1936, SchOber, 1939) Fischback and TerbrOggen (1937a) re- 
ported that 20 mgm of vitamm C per day did not prevent thyroid hypertrophv 
or loss of weight in animals mjected with thyrotropic honnone Also, the effect 
of thyrotropic hormone on tadpole molamorpboais was not lessened hy vitamm 
C (Schfiffer, 1936) 

7 Clinical studies on ntamin C and hyperthyroidism According to L6hr 
(1936) vitamm C will reduce the blood iodine m normal and hyperthyroid pa 
tients Ho reports clmicol improvement m Grav cs’ disease, but often without 
the B M R, being altered In 1938 Eitel obscrv ed a latent vitamm C deficiency 
m patients with hyTcrthyroidism Ho concluded that the administration of 
vntamm C to hyperthyroid patients had a symptomatic effect but not a ducct 
action on thyroid activity At the same tune Thaddca and Runne (1938) showed 
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that hyperthyroid patients had a subnormal excretion of vitamm C after a test 
dose was ad minis tered, while two patients with myxedema excreted large quan- 
tities of vitamm C This was confirmed by Lewis (1938) who found that the 
vitamm C excretion of 6 h 3 q)erthyroid patients receivmg a constant diet was 
below normal, but rose to normal m 4 of the 5 cases after thyroidectomy 

Summary Vitamm C deficiency produces hemorrhagic infiltration and 
hyperplasia of the thyroid gland of scorbutic guinea pigs, the effect bemg more 
marked iri. chrome than acute scurvy Experimental hyperthyroidism mcreases 
the requirements for vitamm C The effect of vitamm C on the hver glycogen 
of hyperthyroid animals is not defimte, but vitamm C will reduce the creatmuna 
found m h 3 q)erthyroid animals Hyperthyroidism will also reduce the amount 
of tissue vitamm C Vitamm C will partially reduce the B M R of hyperthy- 
roid animals, but its effect on th 3 rroid stimulation produced by the thyrotropic 
hormone is still controversial Clmical studies have also shown an increased 
requirement for vitamm C m hyperthyroidism 

Thyroid gland and vitamin D 1 Effect of vitamm D deficiency on the 
thyroid gland In early studies on nckets thyroid hypertrophy and hyperplasia 
was observed (Mellanby and Mellanby, 1921a, Murray, 1923) Rats maintamed 
on the Steenbock rachitogemc diet also show thyroid h 5 q)ertrophy and hyper- 
plasia, but the changes produced developed m the presence or absence of vitamm 
D (Clausen, 1928, Krause and Monroe, 1930, Thompson, 1932, Levme, Remmg- 
ton and v Kolmtz, 1933) The latter authors defimtely showed that the changes 
produced m the thyroid by Steenbock’s rachitogemc diet were due to a deficiency 
of lodme The administration of cod liver oil to such rats may supply the daily 
requirement of lodme In a later report Remmgton and Levme (1936) found no 
effect of the presence or absence of vitamm D on the degree of goiter produced 
m rats Drennan, Malcolm and Cox (1931) and Sure (1938) did not observe 
any effect of vitamm D deficiency on thyroid size Changes m the thyroid gland 
reported by other authors (Nitschke, 1933, Bennholdt-Thompson and Wellman, 
1934, Uotila, 1938) can be regarded as due to imbalanced diet Similarly, the 
decrease of lodme m the th 3 moid gland dunng vitamm D deficiency is due to a low 
mtake of lodme (Krause and Monroe, 1930, Levme, Remmgton and v Kolmtz, 
1933) 

Although human nckets is said to reduce blood lodme (Nitschke and Doermg, 
1933, Nitschke, 1934) this observanon has not been confirmed (Fasold, 1934a, b, 
Toepfer, 1934a, b) According to Kunde and Williams (1926) rabbits th 3 Toid- 
ectomiz^ soon after birth developed changes m the bones reaembhng nckets 

S Effect of vitamin D administration on the thyroid gland Large doses of 
irradiated ergosterol were found to mcrease the B M R (Reed, Thacker, Dill- 
' man and Welch, 1933 , Nitschke, 1933 , Reed, 1934) Elmer, Geidosz and Scheps 
(1935) did not observe an}’’ effect of ’vitamm D on the thyroid of gumea pigs 
However, Lands and Stoland (1935) observed that while non toxic amounts of 
irradiated ergosterol had no effect on the thyroid of cats, larger doses mcreased 
the amount of colloid Similar results were obtamed by Nitzesco and Bratiano 
(1936), Bruman and Bromberg (1936), Kucera and Soos (1933) and Goormagh- 
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tigh and Handovsky (1936) Handovskj and Goommghtigh (1037) reported 
that 40 to GO gamma of vitamin Dj will produce some mcrease m thyroid fimc 
tion m doge, and that with 110 to 230 gamma per day the thyroid vos histo- 
logically hyperplastic Thyroparathyroidcctomlied dogs tolerated 000 gamma 
per day very well, whereas thyroidectomited dogs tolerated this dose "ver} badl> 
■with 8e\ere damage to the aorta and large arteries They concluded that the 
action of the thyroid tends to protect the aorta and large artones, whde the 
action of the parathyroid gland intensifies the mjiinous action of excessn c Mta 
mm D 

As parathyroid extract did not increase the B R. of dogs, Stock, Reed and 
Miller (1034) decided that vitamin D did not produce its effect by this means 
Later Beutech, Reed and Struck (1030) administered vitamin D to 2 tlivTo 
parathyroidectomucd dogs and did not obtain an> mcrease m metabolic rate 
as they had m normal dogs Thus the effect of largo doses of vitamm D on the 
metabohe rate depends on on mtact thyroid gland Unpublished results ha\ o 
shown that the colongenio effect of vitamin D is mediated through the thjTO- 
tropic hormone of the antenor pituitary gland (cf Reed, Struck and Steck, 
1939) 

Vitamin D has also been reported to stimulate the oxygen consumption of 
frog muscle (Gelfan, 1936) Elmer Giedoss and Scheps (1936) found no effect 
of vitamm D on thyrotropic stimulation of the thyroid gland, and vitamin D 
did not produce mvoluUon of the thyroid of rabbits fed a cabbage diet (Spencer, 
1934) 

S Expertmental hypfrihifrmdum and tntamtn D It has been shown that the 
calcium balance during hyperthyroidism may become negative due to a large 
morcoso in fecal calcium The administration of vitamm D to normal animals 
will decrease fecal calcium and simultaneously mcrcaso unnary calcium excre- 
tion, suggesting that the effect of vitamm D on calcium metabolism during hyper 
thyroidism should be studied Tlius Taylor and Weld (1932) reported that vita 
mm D decreased the fccal calcium output of hyperthvToid dogs and Pugsley 
and Anderson (1934a) obtamed amular results on rats although a positiv o cal 
cium balance was not produced It was then demonstrated that, with the 
proper dosage, vitamin D would produce a calaum balance m thyroid fed rats 
(Pugsley and Anderson, 1934b) 

4 Cltmcal ttudiu on Pitomm D and hypcrihifrmdtsm Tibbets, McLean and 
Aub (1932) found no effect of vitamm D on calcium metabolism dunng by^per 
thyroidism, whereas Hansman and Wilson (1034) reported a beneficial effect 
of vitamm D on calcium balance 

Stmmary A deficiency of vitamm D has no effect upon the thyroid gland 
The administration of vitamin D to normal animals mcrcases the B M R , 
probably through its effect on the thyroid gland When given in cxpcnmcntal 
hyperthyroidism, Mtamm D will counteract the increased calcium excretion, 
rotunung the calcium balance to normal Further work is needed before the 
effect of vitamm D on calcmm balance in Graves’ disei^so can bo ascertamed 

TnmoiD GLAND AhD viTAinN E / Effccl of vUamin E dfficiency on Oic 



374 


VICTOR A DRILI, 


thyroid gland The reports of Paal and Kleme (1933), Singer (1936), Bame 
(1937) and Bromskov and Schneider (1939) indicate that vitamin E deficiency 
in rats produces a picture of decreased th 3 T 0 id actmty However Telford, 
Emerson and Evans (1938) did not find any evidence of thyroid hypoplasia 
in \ntainm E deficient female rats, and Biddulph and Meyer (1941, 1942) re- 
ported an mcrease m thyroid activity dunng vitamin E deficiency The latter 
authors found that vitamin E deficiency increased the thyroid weight and 
B M R, of male rats, producing no cliange m female rats They also found that 
the E deficient animals v ere i eceiving only about one-fourth as much lodme as 
control rats on a stock diet By the addition of iodine to the diet of E deficient 
males they were able to prevent the changes in the thyroid and the increase m 
B R from occurring They conclude that the effect of vitamin E deficiency 
in increasmg th 3 rroid weight and the B M R is due to a relative deficiency of 
iodine 

Bromskov and Schneider (1939) noted that the thyroid of vitamin E deficient 
rats resembled that of ovanectomized animals, and that the administration of 
follicular hormone restored the thyroid function of vitamm E deficient rats 
Vitamin E would also restore the th 3 T 0 id of the deficient animals to normal, but 
had no effect on the thyroid of deficient animals that were ovanectomized They 
beheve, therefore, that the effect of vitamm E on the thyroid is mediated through 
the ovary 

The administration of vitamm E had no effect on the th 3 T 0 id of normal rats 
(Bromskov and Schneider, 1939) or gumea pigs (Giedosz, 1938c), although Paal 
and Ifleme (1933) reported stimulation 
2 Thyrotropic hormone and vitamin E Bromskov and Schneider (1939) 
reported that the administration of thyrotropic hormone would restore the thy- 
roid of their vitamin E deficient animals to normal They also found no reduc- 
tion m the thyrotropic content of the pitmtary of E deficient animals, and no 
change m the antithyrotropic function of the blood of such rats 
Summary Further experiments are necessary to ascertam if the changes 
reported to occur m the thyroid gland dunng vitamm E deficiency are a result 
of this deficiency or are due to other dietary factors 

GENERAL SUMMARY 

Certam general statements on the mterrelations between thyroid function and 
■vntamm metabolism may be made While some vitamm deficiencies will affect 
the th 5 Troid gland, a number of the reports emphasize the necessity of controllmg 
such factors as the length of tune a deficient diet is fed, the influence of sex differ- 
ence and whether or not the deficiency is acute or chrome Each of these van- 
ables will influence the results obtam^ Also, if a given vitamm deficiency will 
produce a picture of thyroid hypo- or hyperfunction, it does not follow that over- 
doses of the same vitamm will produce the opposite effect Further work is also 
needed to ascertam the relation of the pituitary gland to the changes produced 
jn the thyroid gland by a vitamm deficiency or the ad min istration of a vitamm 
It has been demonstrated that the requirements for vitamins A, B and C are 
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increased during hyperthyroidism, and if these increased requirements are not 
met a relative deficicncj of the vitamms will ensue Such a vitamm deficleno^ 
may produce changes previously ascribed to an effect of hyperthyroidism per se 
Whpreas the administration of the Decenary vitamins will correct these changes, 
it should not imply an antithyrogenio action, unless such an effect is demon 
strated by further eoepenraents Conversely, if a >itamm will antagoniie certain 
effects of thyroid feedmg, it does not follow that a deficiency of the vitamin alone 
will mcrease thyroid activity In studynng vitamm metabolism durmg expen 
mental hyperthyroidism there is also a sex difference m response, at least in the 
rat, and a difference m the degree of hyperthyroidism produced by the commonly 
used doses of thyroxm or thjToid gland Also, growing rats may gam -a eight 
for a considerable penod on the same dose of thj roxm or thyroid gland that will 
produce a progressive lose of weight m adult rats These factors are of impor 
tance m studymg the effect of a given vitamm on hypcrthyroid AniTriftls 
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